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Scope, aims and thesis outline
Drought is the major factor responsible for yield losses worldwide. In the years before we
started our research, it had become clear that growth inhibition due to water limitation is
not necessarily a consequence of photosynthesis inhibition or loss of turgor, but that there
are active mechanisms that arrest growth very quickly after perception of stress. However,
the molecular mechanisms that connect water availability to growth were largely unknown.
In the context of our lab, inhibition of leaf growth was chosen as a model for the effects of
drought on organ growth. To study the early responses of growing tissues, an in vitro set-up
was developed in which plants were grown on nylon meshes, allowing easy transfer to medium
containing mannitol, an osmotic that is often used to simulate drought. Transfer of plants is
performed at a time when the third leaf is fully proliferating, and proliferating material can
be microdissected very shortly after stress onset. The work of Patrick Achard and coworkers
had previously shown an important role for gibberellins (GAs), a class of phytohormones, in
regulating stress responses, and preliminary evidence in our lab suggested that this was also
the case in response to osmotic stress. Therefore, this PhD project was initially focused on
the role of GAs and DELLAs, negative regulators of GA signaling, in osmotic stress-induced
growth inhibition, and I set out to answer three research questions:
(1) What is the role of DELLAs in the regulation of growth inhibition following mild osmotic
stress?
(2) Through which molecular mechanisms do DELLAs regulate growth in response to stress?
(3) Which upstream TFs connect stress perception to GA signaling?
However, as these things tend to go, my work soon branched out to other projects as well.
To retain clarity, I present here an overview of the overall structure of my thesis.
The first part, entitled ‘The big picture’ bundles two reviews on the role of GAs in growth
regulation (Chapter 1), and the response of growing plant organs to stress (Chapter 2).
These serve as an introduction, place our results into context, and provide a general discussion
on these two topics.
The second part contains 5 research chapters detailing our findings.
xvi | Scope, aims and thesis outline
* In Chapter 3, a framework is established for the response of proliferating leaf cells,
and we present our “pause-and-stop” model that describes how the proliferating leaf
responds to mild osmotic stress over time. The role of ethylene in growth inhibition is
discussed as well.
* In Chapter 4, the role of DELLAs in growth inhibition is studied, and we present
a molecular mechanism that connects DELLA stabilisation to the early onset of en-
doreduplication under stress conditions involving APC/C modulation. In this chapter,
research questions 1 and 2 are answered.
* In Chapter 5, ETHYLENE RESPONSE FACTOR6 is identified as an upstream TF
affecting GA metabolism, thereby answering research question 3. The function of this
TF in regulating osmotic stress responses in growing leaves is discussed in detail.
* In Chapter 6, we focus on a variety of abiotic stresses at different intensities, and
measure the sensitivity of several parameters that are often scored to quantify stress
tolerance, including expression of marker genes.
* In Chapter 7, the function of KLU, one of the most important downstream targets
of DELLAs in leaf growth regulation, is studied in detail both at the genetic and the
biochemical level. In this chapter, we present a link between gibberellins and auxin in
leaf growth.
Finally, the third part contains a general discussion on the over-arching theme of this disser-
tation, which is the context-dependency of hormonal regulation of growth due to interactions
between genes, hormones, development and environment, and discusses further research topics
and possible applications of our research.
Part I
Beginnings: the big picture

Chapter 1
Gibberellins and DELLAs: central
nodes in growth-regulatory
networks
Hannes Claeysa,b, Stefanie De Bodta,b and Dirk Inze´a,b
a Department of Plant Systems Biology, VIB, Ghent, Belgium
b Department of Plant Biotechnology and Bioinformatics, Ghent University, Ghent, Belgium
This chapter was published on-line as a review in Trends in Plant Science (doi:10.1016/
j.tplants.2013.10.001), and will appear in print in the Special Issue on Systems Biology
(March 2014).
Contributions: H.C. performed the literature study and the meta-analysis, and was the main author
of the manuscript. S.D.B. developed the scripts to perform the meta-analysis, and provided helpful
comments to improve the manuscript. D.I. supervised the project and contributed to the writing of the
manuscript.
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Gibberellins (GAs) are growth-promoting phytohormones that were crucial in
breeding improved semi-dwarf varieties during the Green Revolution. However,
the molecular basis for GA-induced growth stimulation is poorly understood. In
this chapter, we use light-regulated hypocotyl elongation as a case study, com-
bined with a meta-analysis of available transcriptome data, to discuss the role
of GAs as central nodes in networks connecting environmental inputs to growth.
These networks are highly tissue-specific, with dynamic and rapid regulation that
mostly occurs at the protein level, directly affecting the activity and transcrip-
tion of effectors. New systems biology approaches addressing the role of GAs in
growth should take these properties into account, combining tissue-specific inter-
actomics, transcriptomics, and modeling, to provide essential knowledge to fuel
a second Green Revolution.
Gibberellins: pivotal growth regulators that enabled the Green
Revolution
A large international effort has been made to increase crop yields in developing countries by
breeding modern semi-dwarf varieties of cereal crops with improved yield potential and sta-
bility, combined with the implementation of better agricultural practices based on increased
usage of irrigation, fertilizers, and pesticides (Khush, 2001). This ‘Green Revolution’, which
began in the 1960s, has dramatically increased crop productivity in the developing world,
leading to lower food prices and improved nutrition and health for millions of people (Even-
son and Gollin, 2003). It has been estimated that genetic gains have accounted for up to 50%
of yield increases in developing countries, particularly from the 1980s onward (Evenson and
Gollin, 2003). The genetic basis for these high-yielding semi-dwarf varieties can be traced
back to a small number of genes that are mostly involved in the biosynthesis and signaling
pathways of gibberellins (GAs), a class of growth-promoting phytohormones (Hedden, 2003;
Davie`re and Achard, 2013). Modern cultivars either produce less GAs, as is the case in most
rice (Oryza sativa) varieties, or are partially GA-insensitive, like most wheat (Triticum aes-
tivum) varieties; the resulting semi-dwarfism decreases lodging and increases the partitioning
of assimilates into the grain rather than into the stem or leaves, thus increasing the harvest
index (Hedden, 2003). It is now clear that GAs play central roles in growth regulation, par-
ticularly in response to environmental conditions such as light (Djakovic-Petrovic et al., 2007;
de Lucas et al., 2008; Feng et al., 2008), temperature (Achard et al., 2008; Stavang et al.,
2009), flooding (Fukao and Bailey-Serres, 2008), salt and osmotic stress (Achard et al., 2006;
Claeys et al., 2012; Dubois et al., 2013), and biotic stress (Navarro et al., 2008). However,
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surprisingly little is known about the growth-controlling molecular networks in which GAs
function. In this review, we will give an overview of our understanding of these networks, and
provide perspectives for future systems biology approaches applied in this context.
A primer on gibberellin metabolism and signaling
Gibberellin (GA) metabolism and signaling have recently been extensively reviewed (Hau-
vermale et al., 2012; Hedden and Thomas, 2012; Davie`re and Achard, 2013), and therefore
will only be briefly summarized here. The main regulatory points of GA biosynthesis are
the final hydroxylation steps of the ent-gibberellene skeleton, catalyzed by GA 20-oxidases
(GA20OX) and GA 3-oxidases (GA3OX) (Figure 1). These activities result in the biologically
active endogenous GAs, GA1 and GA4. Throughout this dissertation, the term ‘GAs’ refers
to these bioactive forms. Inactivation of GAs is usually achieved through 2-hydroxylation,
catalyzed by GA 2-oxidases (GA2OX), but can also occur through methylation, epoxidation,
or conjugation.
In the absence of GAs, GA responses are repressed by proteins of the DELLA family, of
which there are five members in Arabidopsis [GA INSENSITIVE (GAI), REPRESSOR OF
ga1-3 (RGA), RGA-LIKE1 (RGL1), RGL2, and RGL3], but only one in rice [SLENDER
RICE 1 (SLR1)] and two in maize [DWARF8 (D8) and D9]. When GAs bind to the GA-
INSENSITIVE DWARF 1 (GID1) receptor, a Skp-Cullin-F-box (SCF) complex is formed
with SLEEPY1 (SLY1) as the primary F-box protein; this complex is responsible for DELLA
degradation and derepression of GA responses. DELLA activity can also be positively mod-
ulated by the activity of SPINDLY (SPY), which is an N-acetylglucosamine transferase, but
it is unknown whether DELLAs are direct targets of SPY. Phosphorylation of DELLAs has
also been shown, but with unclear effects on their activity.
DELLA proteins are generally thought to function as transcription factors, although they
have no known DNA-binding domains. There are several non-exclusive models describing
how DELLAs function as regulators of transcription. They can form promoter-associated
complexes with other TFs, such as BOS1 INTERACTOR (BOI)-type proteins (Park et al.,
2013), that can either activate or repress transcription. Alternatively, DELLAs can sequester
and consequently inhibit other TFs such as PHYTOCHROME INTERACTING FACTOR 4
(PIF4; reviewed by Davie`re and Achard, 2013; Locascio et al., 2013b). In addition, DELLAs
interact with the SWI3C subunit of the SWI/SNF chromatin remodeling complex, known
to control many aspects of growth and development, and this complex plays a role in GA
signaling and has been found to associate with the promoters of GA-regulated genes (Archacki
et al., 2013; Sarnowska et al., 2013). However, it is important to note that a recent study
showed that DELLAs can also act through non-transcriptional means (Locascio et al., 2013a).
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Figure 1: Gibberellin metabolism and signaling. (A) Ent-gibberellene is hydroxylated by the
successive actions of GA20OX and GA3OX enzymes to form the bioactive GAs GA1 and GA4, which
are inactivated mainly by the activity of GA2OX enzymes. GA1 differs from GA4 by the presence of
a hydroxyl group on position 13, marked in green. (B) In the absence of GAs, DELLAs repress GA
responses by forming DNA-binding complexes to affect gene expression, and by sequestering TFs that
promote GA responses, such as PIF4. When GAs bind their receptor GID1, this triggers the formation
of an SCF complex that ubiquitinates DELLAs, causing their proteosomal degradation. This allows
GA response-promoting TFs to become active.
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Developmental, environmental and spatial regulation of GA
levels and DELLA activity controls growth
GA levels are tightly regulated, leading to specific accumulation in well-defined sites of action
to regulate growth (U´beda-Toma´s et al., 2008, 2009; Nelissen et al., 2012; Lo¨fke et al., 2013;
Shani et al., 2013). Several mechanisms have been identified that control GA levels in growing
tissues, the first of which involves GA biosynthesis. Expression of GA biosynthesis genes
is associated with growing tissues, suggesting that biosynthesis is the first regulatory step
controlling GA levels and consequently plant growth (Birnbaum et al., 2003; Kaneko et al.,
2003; Desgagne´-Penix et al., 2005; Hedden and Thomas, 2012; Nelissen et al., 2012). For
instance, during shade avoidance, the induction of GA 20-oxidases leads to an increase in
GA levels (Hisamatsu et al., 2005). A second mechanism acts through GA inactivation. GA
2-oxidase (GA2OX) activity is mainly important in regulating shoot and seed growth (Lo
et al., 2008; Rieu et al., 2008; Band et al., 2012). This is seen, for instance, in developing
maize (Zea mays) leaves, where carefully controlled GA biosynthesis and inactivation result
in a narrow peak of bioactive GAs that is crucial in the control of final leaf size (Nelissen
et al., 2012). GA 2-oxidation is also important to limit growth during stress conditions
(reviewed by Claeys and Inze´, 2013). Osmotic, cold, and biotic stress induce specific GA2OX
transcripts in Arabidopsis (Arabidopsis thaliana) through the activity of APETALA2 (AP2)-
type transcription factors (TFs), thereby decreasing GA levels and restricting growth under
unfavorable conditions (Achard et al., 2008; Magome et al., 2008; Suo et al., 2012; Dubois
et al., 2013). Similarly, in submergence-tolerant rice, flooding inhibits growth by ethylene-
dependently inducing the AP2-type TF SUBMERGENCE1A-1 (SUB1A-1), which leads to
upregulation of a GA 2-oxidase and several ETHYLENE RESPONSE FACTORs (ERFs) that
inhibit GA biosynthesis (Jung et al., 2010). Other GA inactivation pathways also control
growth. A striking example is the GA-epoxidizing enzyme ELONGATED UPPERMOST
INTERNODE 1 (EUI1)/CYP714D1 in rice, the loss of which leads to drastic elongation of
the final internode at the heading stage, pointing to tissue-specificity in GA metabolism (Zhu
et al., 2006).
In addition, there are mechanisms that do not rely on GA metabolism. Mathematical mod-
eling of GA and DELLA levels throughout the cell elongation zone of the Arabidopsis root
showed that passive GA dilution resulting from cell expansion is sufficient to explain develop-
mental growth patterns (Band et al., 2012). Finally, although GA biosynthesis occurs in the
root meristem, bioactive GAs accumulate in the endodermis of the elongation zone, which
is the primary site of GA action during root growth (U´beda-Toma´s et al., 2008, 2009; Shani
et al., 2013). Moreover, in response to gravitropic stimuli, GAs exhibit rapid differential ac-
cumulation at the lower side of the root (Lo¨fke et al., 2013), strongly suggesting active GA
transport. The Arabidopsis transporter ABA-IMPORTING TRANSPORTER 3 (AIT3) can
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import GA3 [as well as abscisic acid (ABA)] into yeast cells, but its biological role has yet to
be confirmed in planta (Kanno et al., 2012). However, AIT3 is mainly expressed in developing
seeds and in the stele of the root (Brady et al., 2007; Winter et al., 2007), making a role in
the observed endodermal accumulation of GA unlikely. In addition to active transport over
short distances, GAs are also transported over longer distances through the phloem (reviewed
by Hedden and Thomas, 2012).
Finally, GA sensitivity can also be modulated to regulate growth, given that, for instance,
the sensitivity of growth to exogenously applied GAs has been found to differ widely between
organs (reviewed by Tanimoto, 2012). In Arabidopsis hypocotyls, circadian regulation of
GA receptor transcription creates circadian growth rhythms (Arana et al., 2011). Other
phytohormones, such as auxin and ethylene, are also known to affect GA-mediated DELLA
degradation and hence growth (Achard et al., 2003; Fu and Harberd, 2003).
GAs control cell proliferation, differentiation, and expansion
Organ growth is driven by cell proliferation and cell expansion, both of which can be stim-
ulated by GAs (Achard et al., 2008, 2009; U´beda-Toma´s et al., 2009; Gonzalez et al., 2010;
Claeys et al., 2012; Nelissen et al., 2012), both organ-dependently, given that overexpression
of AtGA20OX1 in maize leads to increased internode cell expansion, whereas in leaves it only
stimulates cell proliferation (Nelissen et al., 2012), and species-dependently, given that in
Arabidopsis, overexpression of the same gene promotes both cell division and cell expansion
in leaves (Gonzalez et al., 2010). The mechanistic basis underlying the effects on cell prolifera-
tion appears to be context-dependent as well because GAs can either increase the cell division
rate (Achard et al., 2009; U´beda-Toma´s et al., 2009) or delay the transition from proliferation
to expansion, thereby increasing the number of dividing cells (Claeys et al., 2012; Nelissen
et al., 2012). By contrast, in shoot apical meristems, GAs induce differentiation, and KNOX
(KNOTTED1-LIKE HOMEOBOX) activity keeps GA levels low to maintain the meristem
(reviewed by Hay and Tsiantis, 2010). Finally, GAs also coordinate other growth-related
processes such as chloroplast division and biogenesis (Jiang et al., 2012), and link carbon
availability and primary metabolism to growth (Ribeiro et al., 2012a,b).
Molecular pathways connecting GAs to cell division and expan-
sion effectors
Our understanding of how GAs affect cell proliferation is rather fragmentary. In Arabidopsis
roots, auxin is involved in this process. In the transition zone, where cells stop prolifer-
ating and start expanding, DELLAs induce cell differentiation by triggering the expression
of ARABIDOPSIS RESPONSE REGULATOR 1 (ARR1), which in turn activates SHORT
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HYPOCOTYL 2 (SHY2), resulting in the repression of PIN-FORMED (PIN) expression
and reduction of auxin transport necessary for cell division (Moubayidin et al., 2010). Fur-
thermore, in the root meristem, GAs increase the stability of PIN1, PIN2, and PIN3 in a
DELLA-mediated manner (Willige et al., 2011). This PIN stabilization is likely to require
DELLA-dependent transcription of an as yet unknown factor that targets PINs to lytic vac-
uoles for degradation (Willige et al., 2011). Additionally, several GA-regulated genes with
specific expression in dividing tissues have been found (Aubert et al., 1998; Ogawa et al.,
1999; Jan et al., 2006; Zhang et al., 2009; Sun et al., 2013), but although some have been
connected to growth control, their molecular function is unknown. At a more downstream
level, GAs and DELLAs affect several different cell cycle components. In flooded rice, expres-
sion of the core cell cycle genes CYCLIN A1;1 (OsCYCA1;1 ) and CYCLIN DEPENDENT
KINASE B2;1 (OsCDKB2;1 ) is triggered by GA (Fabian et al., 2000). In Arabidopsis seeds,
GA4 induces the expression of CYCD1;1 and several DNA replication factors (Ogawa et al.,
2003). During vegetative growth, DELLAs have been shown to inhibit cell proliferation by
inducing expression of the cell-cycle inhibitors SIM, SIM-RELATED1 (SMR1 ), SMR2 and
KIP-RELATED PROTEIN 2 (KRP2 ) (Achard et al., 2009). The kinase STUNTED (STU)
was implicated in this DELLA-mediated upregulation of cell cycle inhibitory genes because
STU is downregulated by REPRESSOR OF ga1-3 (RGA) and in turn downregulates SIM
and SMR1 (but not SMR2 or KRP2 ), thereby contributing to GA-regulated control of cell
proliferation (Lee et al., 2012). In response to osmotic stress, DELLAs induce cell differ-
entiation and endoreduplication onset in leaves through downregulation of genes encoding
inhibitors of the ANAPHASE PROMOTING COMPLEX/CYCLOSOME (APC/C), such as
DP-E2F-LIKE1 (DEL1) and UV-B-INSENSITIVE4 (UVI4) (Claeys et al., 2012). The tran-
scriptional downregulation of STU, DEL1 and UVI4 occurs rapidly (Claeys et al., 2012; Lee
et al., 2012), and it has been shown that no new protein synthesis is needed for the regulation
of STU by RGA (Lee et al., 2012), suggesting that DELLAs bind already present TFs to
regulate gene expression. However, the identity of these TFs is still unknown.
The molecular effects of GAs on cell expansion are clearer, particularly in hypocotyl elon-
gation, which will be discussed in detail as a case study in the next section. GAs have
long been known to stimulate cell wall relaxation (Cosgrove and Sovonick-Dunford, 1989),
and generally do so by inducing the expression of expansins and xyloglucan endotransgluco-
sylase/endohydrolases (XTHs), which causes cell wall changes that allow turgor-driven cell
expansion (Ogawa et al., 2003; Jan et al., 2004; Lee and Kende, 2002; Gallego-Bartolome´ et al.,
2011; Ribeiro et al., 2012b; Park et al., 2013). Furthermore, GAs also control the expression of
genes related to auxin biosynthesis and transport, known to stimulate cell expansion (Ogawa
et al., 2003; Gallego-Bartolome´ et al., 2011). DELLAs directly control auxin transport by af-
fecting both transcription and protein stability of PIN auxin transporters (Moubayidin et al.,
2010; Willige et al., 2011). This is important during gravitropism, when GA accumulation at
the lower side of the root results in PIN2 stabilization by interfering with vacuolar trafficking,
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leading to high auxin concentrations that inhibit cell elongation (Lo¨fke et al., 2013). However,
this GA accumulation during gravitropism follows an initial accumulation of auxins (Lo¨fke
et al., 2013), suggesting that GA and auxin act interdependently, which confirms earlier ob-
servations showing interdependence of GA and auxin in primary root growth promotion (Fu
and Harberd, 2003). Several other factors also mediate the effects of GAs on cell expansion:
DELLAs stimulate detoxification of reactive oxygen species, thereby limiting cell expansion
and inhibiting primary root and root hair growth (Achard et al., 2008), and GAs can also
affect growth through their effects on carbon and energy metabolism (Ribeiro et al., 2012a,b).
Finally, the interaction of DELLA with SPATULA (SPT), a basic helix-loop-helix (bHLH)
TF that inhibits cotyledon cell expansion through the same targets as DELLAs, is part of a
complex system to restrain growth (Josse et al., 2011).
Molecular networks linking GAs to growth: the hypocotyl as a
case study
The best-studied molecular network involving GAs in growth control mediates the regulation
of hypocotyl elongation by light and the circadian clock (Figure 2). Red light activates
phytochromes (PHYs; Figure 2a), which stimulate the degradation of PHYTOCHROME
INTERACTING FACTOR 3 (PIF3) and PIF4 (Figure 2b), central TFs that activate the
transcription of expansion-promoting genes during the growth of etiolated seedlings (Figure
2c; Castillon et al., 2007; de Lucas et al., 2008). In parallel, red light also decreases GA levels
and thereby stabilizes DELLAs (Figure 2d; Achard et al., 2007), which interact with PIF3
and PIF4, interfering with their DNA-binding ability (Figure 2e; de Lucas et al., 2008; Feng
et al., 2008). Downstream of DELLAs and PIFs, a cell expansion-stimulating network has been
identified, involving PACLOBUTRAZOL RESISTANCE (PRE)-type bHLHs, ILI1 BINDING
BHLH1 (IBH1), and ACTIVATOR FOR CELL EXPANSION (ACE)-type bHLHs, which
directly control the transcription of cell expansion effectors (Figure 2f; Bai et al., 2012; Zhang
et al., 2009; Ikeda et al., 2012). In addition, DELLAs interact with BOS1 INTERACTOR
(BOI)-type proteins (Figure 2g), and these complexes then associate with the promoters of
PRE1, PRE5 and EXPANSIN8 (EXP8 ) to directly repress their expression (Figure 2h; Park
et al., 2013). As a counterpart to the PIF4 module, ELONGATED HYPOCOTYL 5 (HY5) is
degraded by CONSTITUTIVE PHOTOMORPHOGENIC 1 (COP1) in the dark (Figure 2i)
and further destabilized by GAs (Figure 2j; Alabad´ı et al., 2008), and inhibits cell elongation
by directly repressing transcription of genes involved in cell wall remodeling (Jing et al., 2013).
Thus, in dark-grown hypocotyls, GA levels are high, stimulating cell expansion and hypocotyl
growth.
The interaction between GAs and other hormones also plays an important role in the reg-
ulation of hypocotyl growth. The interaction between DELLAs and PIF3 can be inhibited
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Figure 2: The growth-regulating network involving DELLAs in Arabidopsis hypocotyls.
Black arrows indicate transcriptional regulation. Red arrows indicate post-translational regulation,
such as protein interaction and degradation. Hormones are indicated in blue boxes: BR, brassinos-
teroids; GA, gibberellins; IAA, indole-3-acetic acid (the main auxin); JA, jasmonate.
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by JASMONATE-ZIM-DOMAIN PROTEIN 9 (JAZ9), a negative regulator of jasmonate
(JA) signaling, explaining the negative effect of JA on growth (Figure 2k; Yang et al., 2012).
Furthermore, brassinosteroids (BRs) regulate hypocotyl growth downstream of DELLAs be-
cause DELLA degradation releases the inhibition of BRASSINAZOLE-RESISTANT1 (BZR1;
Figure 2l), a positive regulator of BR signaling that also interacts with PIF4 to activate tran-
scription of cell expansion-promoting genes (Figure 2m; Bai et al., 2012; Gallego-Bartolome´
et al., 2012). However, it should be noted that both the nature and the molecular basis of the
interaction between GAs and BRs is complex and context-dependent (Stewart Lilley et al.,
2013). Finally, GAs and auxin work interdependently in the hypocotyl as well, because PIF4
stimulates auxin biosynthesis (Figure 2n), which in turn activates GA biosynthesis (Figure
2o), whereas auxin-induced hypocotyl elongation partly depends on GAs (Chapman et al.,
2012). HY5 also controls the expression of genes involved in auxin signaling (Figure 2p; Jing
et al., 2013).
GAs not only control growth rate, but also the direction of cell elongation. In the absence
of GAs, DELLAs interact with the prefoldin (PFD) complex and retain it in the nucleus
(Figure 2q; Locascio et al., 2013a). PFD is needed for proper folding of tubulin in the
cytosol, and without it the crucial arrangement of cortical microtubuli guiding anisotropic
cell expansion cannot be formed, affecting both growth rate and direction (Locascio et al.,
2013a). In addition, GAs are essential for circadian hypocotyl growth rhythms, caused by
circadian regulation of genes encoding GA receptors (Figure 2r; Arana et al., 2011).
The network schematically represented in Figure 2 was assembled from individual studies
in which only one component was investigated and, hence, is likely to underestimate the
interactions between them. Nevertheless, two main characteristics are evident: the high level
of complexity, involving many feedback loops and interactions with other hormones, and the
importance of regulation at the protein level.
The GA-DELLA metatranscriptome suggests direct control of
the growth machinery
During the past decade, many transcriptome studies following GA or DELLA perturbation
have been published (reviewed by Locascio et al., 2013b). Early on, the effects of GA on
transcription were shown to depend on the developmental context (Cao et al., 2006; De Bodt
et al., 2010), which also holds true for the resulting proteome changes (Tanaka et al., 2004).
To learn more about how GAs regulate growth, a meta-analysis was performed using available
transcriptome data from Arabidopsis obtained within hours after GA or DELLA perturba-
tion, including both published datasets (Willige et al., 2007; Zentella et al., 2007; Goda
et al., 2008; Hou et al., 2008; Middleton et al., 2012) and unpublished datasets deposited in
the National Center for Biotechnology Information (NCBI) Gene Expression Omnibus (GEO)
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Figure 3: Main properties of the DELLA metatranscriptome. (A) Number of genes that
showed significant changes in the different experiments. Few genes are significant in multiple ex-
periments. (B) Average log2(fold change) versus the number of experiments in which there was a
significant change, showing that common genes are downregulated by GAs. (C) Growth-associated
GO categories that are significantly enriched among GA-upregulated genes in growing tissues, from top
to bottom: fully proliferating leaf tissue (Claeys et al., unpublished; GSE49399), expanding hypocotyls
(Gronlund et al., unpublished; GSE18985) and dissected root tips (Middleton et al., 2012).
database (http://www.ncbi.nlm.nih.gov/geo/) (Supplemental Table S1). To enable proper
comparison of datasets, raw data from 12 experiments using the Affymetrix ATH1 microar-
ray were re-analyzed, complementing a recent meta-analysis of GA transcriptomes (Locascio
et al., 2013b). A score was calculated for each gene based on the significance of changes in
expression, as was previously done for the cytokinin metatranscriptome (Brenner et al., 2012)
(Supplemental Dataset S1). Surprisingly, only few genes showed significant changes in mul-
tiple datasets (Figure 3A), and gene ontology (GO) category enrichment also revealed little
overlap at the process level between the different datasets (Supplemental Tables S2 and S3).
This is likely to reflect the tissue-specificity of GA responses, combined with a high sensitivity
to environmental factors differing between experiments. Genes common to different datasets
tend to be downregulated in response to GAs (Figure 3B), and are mainly involved in regu-
lating GA homeostasis (Table 1). A survey of genes related to GA metabolism and signaling
confirms that only some GA20OX, GA3OX, and GA2OX paralogs are involved in the regu-
lation of GA homeostasis in response to GA or DELLA disturbance (Hedden and Thomas,
2012) (Supplemental Table S4). The list of the most consistently GA-regulated genes also
contains brassinosteroid-related genes, and additionally the SAUR genes are also known to be
strongly auxin-responsive, confirming known interactions between GAs and these hormones
(Table 1).
Few sets of differentially expressed genes are enriched for growth-related processes (Supple-
mental Tables S2 and S3); this is likely to be because in most studies complete seedlings
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Gene name N Score AC
SCL3 (SCARECROW-LIKE 3) 10 309.9 −2.01
GA3OX1 (GA 3-OXIDASE 1) 10 226.3 −2.27
XERICO 9 128.0 −1.47
GID1B (GA INSENSITIVE DWARF1B) 9 117.7 −1.78
GID1A (GA INSENSITIVE DWARF1A) 9 85.8 −1.00
GA20OX2 (GA 20-OXIDASE 2) 8 234.9 −2.97
AT5G40540 – encodes a protein kinase 8 63.2 −1.02
GA20OX1 (GA 20-OXIDASE 1) 7 137.6 −1.58
LSH3 (LIGHT SENSITIVE HYPOCOTYLS 3)/ 7 115.3 −1.31
OBO1 (ORGAN BOUNDARY 1)
CYP85A2/BR6OX2 (BRASSINOSTEROID-6-OXIDASE 2) 7 67.2 −1.53
AT1G78170 – encodes an unknown protein 7 65.4 1.18
SAUR36 (SMALL AUXIN UPREGULATED RNA 36) 7 56.7 −1.31
AT1G79720 – encodes an aspartyl protease family protein 7 55.0 −0.65
CYP96A12 7 47.3 −0.78
SQE1 (SQUALENE EPOXIDASE 1) 7 40.8 −0.80
AT5G36160 - encodes L-tyrosine aminotransferase 7 39.4 −0.99
SCPL45 (SERINE CARBOXYPEPTIDASE-LIKE 45) 7 29.5 −0.52
AT4G29190 - encodes a zinc-finger protein 7 29.5 −0.86
SAUR9 (SMALL AUXIN UPREGULATED RNA 9) 6 68.2 −1.49
BAS1 (PHYB ACTIVATION TAGGED SUPPRESSOR 1) 6 65.5 −1.08
Table 2: List of the 20 most consistently GA-regulated genes. Note that only one gene is
upregulated by GAs. N, number of datasets in which the gene was significantly differentially regulated
[false discovery rate (FDR)-corrected p-value < 0.05]. Score, calculated as the sum of the negative
logarithms of all FDR-corrected p-values. AC, the average log2(fold change) by GAs in datasets in
which the gene was significantly differentially expressed.
were profiled, which was previously shown to obscure responses occurring in growing tissues
(Skirycz et al., 2010). This is also evident in a survey of the expression of effectors of cell pro-
liferation and expansion, which respond only in some datasets (Supplemental Tables S5 and
S6). Among cell cycle genes, two CYCP3s, the function of which is still largely unknown, show
the most prominent changes across all datasets, along with cell cycle inhibitors (Supplemen-
tal Table S5). Among cell wall-related genes, there is a broad effect on expansins and XTHs
(Supplemental Table S6). As summarized in Figure 3C, datasets focusing on growing tissues
are most informative about the effects of GAs and DELLAs on growth. In proliferating leaf
cells expressing a dexamethasone-inducible non-degradable form of GA INSENSITIVE (GAI)
(Claeys et al., 2012), genes encoding DNA replication factors are downregulated shortly after
induction, along with upstream regulators known to control organ growth and cell prolifer-
ation, such as ANGUSTIFOLIA3 (AN3 ), GROWTH-REGULATING FACTOR 5 (GRF5 ),
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AINTEGUMENTA, KLUH (KLU ), and several TEOSINTE BRANCHED1-CYCLOIDEA-
PCF (TCP)-type TFs (reviewed by Gonzalez et al., 2012) (Supplemental Dataset S1). This
confirms previous reports showing that GAs induce expression of a rice GRF (van der Knaap
et al., 2000) and of PLASTOCHRON1, the rice homolog of KLU (Mimura et al., 2012).
Moreover, chromatin remodeling is also likely to mediate the effects of DELLAs on leaf devel-
opment given that several genes that were recently shown to connect the SWITCH/SUCROSE
NONFERMENTING (SWI/SNF)-complex to cell proliferation in the leaf, such as AN3 (Ver-
cruyssen et al., 2014), are DELLA targets. Finally, DELLAs cause downregulation of genes
involved in auxin metabolism and signaling. A second dataset that profiled proliferating cells
is based on dissected tips of GA-treated roots (Middleton et al., 2012). In accordance with
the tissue-specificity of GA responses, a different transcriptional profile is observed, with lit-
tle overlap in terms of GO enrichment (Supplemental Tables S2 and S3). Here, changes in
auxin transport and metabolism are most prominent. Finally, a third dataset describes the
transcriptome of hypocotyls after GA addition, revealing effects on expanding cells. Large
transcriptome effects are already seen within 30 minutes after the addition of GA, suggesting
a short signaling pathway connecting GAs to cell expansion without transcription and trans-
lation of new TFs, confirming what is known about hypocotyl growth regulation (Figure 2).
The final transcriptional output is broad, involving many cell expansion- and cell wall-related
genes and processes (Supplemental Table S6), as well as genes involving auxin metabolism,
transport, and signaling (Supplemental Table S7).
In summary, transcriptome meta-analysis reveals several general features of GA-DELLA
signaling. Although large transcriptome changes are involved, these are highly context-
dependent, reflecting the large and diverse effects of GAs on plant growth and development.
Furthermore, changes in expression levels occur rapidly after GA perturbation, suggesting a
fast signaling pathway. This confirms the important role for rapid regulation at the protein
level, without requiring transcription and translation of new factors. Finally, GAs regulate,
at the same time, both effector genes of cellular growth and more upstream factors controlling
organ growth and development.
Systems biology for a second Green Revolution
Plant growth is regulated by complex networks in which DELLAs represent important hubs.
Modeling suggests that changes in DELLA levels, rather than their absolute basal levels,
impact growth rates (Band et al., 2012), and certain GA responses are dependent on a fragile
signaling balance (Claeys et al., 2012; Lo¨fke et al., 2013): modest increases in DELLA protein
levels (20-40%) can have large effects on growth (Band et al., 2012; Claeys et al., 2012). It was
therefore suggested that the growth-controlling network around and downstream of DELLAs
is highly dynamic (Band et al., 2012). Considering the diversity of GA responses, these
networks are most likely cell type-specific. Embedded in these networks is a robust feedback
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signaling mechanism activated by DELLAs to ensure GA homeostasis (Middleton et al.,
2012); disruption of feedback signaling components, such as SCARECROW-LIKE3 (SCL3),
an attenuator of DELLAs, can significantly impact growth (Figure 2s; Heo et al., 2011; Zhang
et al., 2011). Although components of these growth-regulating networks have been identified
(e.g. for leaf growth, reviewed by Gonzalez et al., 2012), the overall topology is still unclear
and is further complicated by factors such as tissue-specificity and environmental modulation.
This complexity needs to be addressed using systems biology approaches as outlined below.
Our transcriptome meta-analysis clearly shows the necessity of tissue- and condition-specific
sampling. Furthermore, many known protein interactions involving DELLAs take place in
specific tissues under specific conditions, such as the DELLA-PIF interaction in hypocotyls
exposed to red light (de Lucas et al., 2008; Feng et al., 2008). Increasingly small amounts
of material can be harvested and profiled, as evidenced by the high-resolution Arabidopsis
root transcriptome map (Birnbaum et al., 2003). Furthermore, laser capture microdissec-
tion technology or immunopurification of epitope-tagged ribosomal proteins (Mustroph et al.,
2013) should assist in increasing spatial resolution, in particular when addressing transcrip-
tomes. To dissect the proteome or interactome at higher resolution, larger model systems
hold great promise, as was recently demonstrated by high-resolution hormone measurements
along the growing maize leaf (Nelissen et al., 2012). Affinity purification of protein com-
plexes coupled with mass spectrometry (AP-MS) and transcriptomics have revealed changes
in growth-promoting protein complexes (H. Nelissen et al., unpublished) and GA-regulated
genes over the transition zone in maize leaves (Nelissen et al., 2012).
Although many studies have focused on transcripts, and DELLAs ultimately function as
transcriptional regulators, it is evident that protein interactions and protein degradation play
crucial roles in growth regulation by GAs (Figure 2). To further illustrate the importance
of protein interactions, genetic screens in wheat and barley for new DELLA alleles with
improved agricultural potential resulted in mutations in domains known to be involved in the
interaction between DELLAs and PIFs (Chandler and Harding, 2013). However, few large-
scale proteome studies have been performed in planta after GA perturbation (Tanaka et al.,
2004; Khan et al., 2005), and all known DELLA interactors were found by performing yeast
two-hybrid screens. Numerous attempts to use AP-MS to identify protein complexes involving
DELLAs in cell cultures or complete seedlings have failed to return interactors (H. Claeys et
al., unpublished), showing the need for tissue-specific proteome-wide approaches that could
reveal more about the dynamics of growth-regulating complexes involving DELLAs.
Finally, to fully understand the complex nature of hormonal growth regulation, mathematical
modeling will be indispensable. Recently, two studies have used modeling to study feedback
loops in GA signaling (Middleton et al., 2012) and the role of GA dilution in the expansion
zone of the root (Band et al., 2012), greatly advancing our knowledge about GAs and growth.
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These models can be used as starting points to study growth regulation by GAs at the cellular
and organ level, and predict interesting leads for genetic engineering or molecular breeding.
Ultimately, models at multiple scales will be needed, in which subcellular processes are used
as inputs for a cell-based growth and differentiation model that in turn serves as input for
organ or even plant growth models.
DELLAs fueled the genetic gains developed to improve plant productivity during the first
Green Revolution, based on general disruption of GA signaling. However, because of the com-
plex interplay between GAs and carbon metabolism, it is uncertain how the current Green
Revolution genes will function at higher CO2 levels, given that in Arabidopsis, dwarfism
resulting from low GA levels can be rescued by increasing CO2 (Ribeiro et al., 2012a). More-
over, a second Green Revolution is necessary to improve plant productivity and yield stability
in a changing climate while lowering agronomic inputs such as water and energy-consuming
fertilizers (Khush, 2001). The central role for GAs in adapting growth to the environment
suggests that GAs will again be crucial. A better understanding of the growth-regulating net-
works in which DELLAs function could provide tremendous potential for this second Green
Revolution.
Materials and methods
For all included datasets, CEL files were downloaded from GEO (http://www.ncbi.nlm.
nih.gov/geo/; for identifiers, see Table S1). All expression data was processed with Robust
Multichip Average (RMA) (background correction, normalization, and summarization) as
implemented in BioConductor (Irizarry et al., 2003a,b; Gentleman et al., 2004), using the up-
dated ATH1 CDF v16 (http://brainarray.mbni.med.umich.edu/Brainarray/Database/
CustomCDF/16.0.0/tairg.asp). The BioConductor package Limma was used to identify
differentially expressed genes (Smyth, 2004). For all datasets, treated samples were compared
to controls by calculating moderated t statistics using the eBayes function, and p-values were
corrected for multiple testing for each contrast separately using topTable; 12 datasets were
included in the analysis, resulting in 24 comparisons. A false-discovery rate (FDR)-corrected
p-value < 0.05 was used as a cut-off (Benjamini and Hochberg, 1995). Based on this criterion,
lists of up- and downregulated genes were generated for each comparison, and GO (biological
process) overrepresentation analysis was performed on these lists with BiNGO (Maere et al.,
2005), using an FDR-corrected p-value of 0.01 as a cut-off for significant overrepresentation
compared to the complete list of genes included in the CDF.
Supplemental data
The following materials are available in the online version of this article (http://www.
sciencedirect.com/science/article/pii/S136013851300229X):
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Supplemental Dataset S1: Complete list of fold changes and FDR-corrected p-values for all
genes.
Supplemental Table S1: List of transcriptome datasets used for the meta-analysis.
Supplemental Table S2: GO enrichment of unregulated genes.
Supplemental Table S3: GO enrichment of downregulated genes.
Supplemental Table S4: Fold changes of genes related to GA metabolism and signaling.
Supplemental Table S5: Fold changes of core cell cycle genes.
Supplemental Table S6: Fold changes of core cell wall-related genes.
Supplemental Table S7: Fold changes of genes related to auxin metabolism, transport and
signaling.
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When confronted with water limitation, plants actively reprogram their metabo-
lism and growth. Recently, it has become clear that growing tissues show specific
and highly dynamic responses to drought, which differ from the well-studied re-
sponses in mature tissues. Here, we provide an overview of recent advances in
understanding shoot growth regulation in water-limiting conditions. Of special
interest is the balance between maintained growth and competitiveness on the
one hand and ensured survival on the other hand. A number of master regulators
controlling this balance have been identified, such as DELLAs and AP2/ERF-type
transcription factors. The perspectives to engineer or breed crops that maintain
growth in periods of mild drought, but are still able to activate protective toler-
ance mechanisms, are discussed.
Introduction
Due to their sessile lifestyle, plants are continuously exposed to changing environmental condi-
tions that could potentially threaten survival. Therefore, complex mechanisms have evolved
to accurately monitor the environment and very dynamically reprogram metabolism and
growth. Water availability, which can be constrained by drought, salinity or freezing, is one
of the major factors limiting plant growth and development in agricultural settings (Boyer,
1982). For cereal crops, drought is the most important abiotic stress component reducing
yield (Araus et al., 2002). A recent example is the extreme drought that affected 80% of
cultivated land in the United States in 2012 and reduced yields of maize (Zea mays) by 27.5%
and of soybean (Glycine max) by 10%, causing enormous economic damage (USDA, 2013).
The effects of water limitation will likely worsen in the coming decades due to climate change
and the growing scarcity of fresh water available for irrigation, mostly caused by urbanization
and the depletion of aquifers, which are currently supplying water to grow food for at least 400
million people in India and China (Jury and Vaux, 2005; Pennisi, 2008). Although selection
for high yield potential has also improved yields under water-limiting conditions, especially
for mild to moderate drought, there still is a large ‘yield gap’ that is difficult to tackle with
classical phenotype-driven breeding (Cattivelli et al., 2008).
Given its importance for agriculture, the effects of drought on plant development have been ex-
tensively studied in the past decades. This has significantly contributed to our understanding
of physiological and molecular responses to water limitation. In short, mechanisms for deal-
ing with low water availability can be divided in two major categories: stress avoidance and
stress tolerance (Verslues et al., 2006; Lawlor, 2013). The aim of stress avoidance mechanisms
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is to balance water uptake and water loss. Water uptake is enhanced by the accumulation
of solutes to lower the tissue water potential and by improving root growth, and water loss
through evaporation is limited by closing stomata, restricting shoot growth, and accelerating
leaf senescence. Stress tolerance mechanisms are aimed at protecting against cellular damage
when the stress becomes too severe and stress avoidance mechanisms are no longer sufficient.
These mechanisms include detoxification of reactive oxygen species (ROS) and the accumula-
tion of protective proteins, such as LATE EMBRYOGENESIS ABUNDANT (LEA) proteins,
and solutes such as proline, which has a dual role as both osmolyte and osmoprotectant. Both
avoidance and tolerance responses are mainly orchestrated by abscisic acid (ABA), although
ABA-independent mechanisms involving DROUGHT-RESPONSIVE ELEMENT BINDING
(DREB)-type proteins play a role as well (reviewed by Nakashima et al., 2009).
Inhibition of shoot growth, both directly through an active response and indirectly by stom-
atal closure, is an integral part of improving water balance and stress tolerance, aimed at
ensuring plant survival by limiting water loss. However, if the stress is only temporary, lim-
iting growth too extensively can lead to a competitive disadvantage, and unnecessary yield
losses; on the other hand, continued growth can threaten survival when water limitation
turns out to be long and severe. Therefore, the balance between growth and survival is
tightly regulated, and specific adaptations have evolved to allow growth under drought condi-
tions (Figure 1). The importance of this balance is illustrated by the finding that DREB2A,
a pivotal regulator of water limitation responses, is tightly repressed in developing tissues
by GROWTH-REGULATING FACTOR7, a member of a family of important leaf growth
regulators (Kim et al., 2003), to avoid the highly detrimental effects of stress responses on
growth (Kim et al., 2012).
While altering the expression of regulators of drought responses has often succeeded in en-
hancing drought tolerance, at least in laboratory conditions, this usually comes at the cost
of growth inhibition, resulting in a significant yield penalty (reviewed by Yang et al., 2010).
Similarly, breeding for enhanced water use efficiency can lead to impaired plant productivity
(Blum, 2009). Moreover, lines that show enhanced survival under severe stress do not exhibit
improved growth under milder stress conditions, suggesting that both processes are regu-
lated by different mechanisms (Skirycz et al., 2011c). In recent years major advances have
been made in the elucidation of mechanisms regulating shoot growth under water-limiting
conditions, which will be the subject of this review. We will focus on studies that profile
growing shoot tissues subjected to controlled physiologically relevant stress levels, preferably
combined with growth measurements. First, methods to study growth under stress conditions
and general features of growth regulation will be discussed, followed by a detailed analysis of
the effects of water limitation on cell proliferation and cell expansion, the two main processes
driving plant growth. A brief section will then be devoted to stress tolerance mechanisms in
growing leaves. Interestingly, common mechanisms have been identified that regulate both
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growth and tolerance, which will be highlighted in a separate section. Understanding how
growth and survival are balanced is obviously of great agricultural importance, and in the
final section we will discuss the practical perspectives of this line of research. This review will
focus on Arabidopsis and common crop species; extremely drought- or salt-tolerant species
were not included as these usually have very specific adaptations that cannot be generalized.
Figure 1: The balance between stress tolerance and maintained growth. In response to
water limitation, stress avoidance and tolerance mechanisms are activated to ensure survival in case the
stress is prolonged or becomes more severe, resulting in growth limitation and a potential competitive
disadvantage. However, several adaptations allow plants to balance survival and continued growth
depending on the stress level.
Methods to study water limitation
Much of our knowledge on the effects of water limitation comes from early studies exposing
plants to severe dehydration, achieved for instance by cutting off leaves and leaving them
to dry on the bench, or by withholding water from plants for weeks until they show severe
wilting. Alternatively, osmotic shock was used, realised by transferring plants to solutions
containing high concentrations (>100 mM) of osmotica such as mannitol or polyethylene
glycol (PEG). While this type of experiments has substantially increased our knowledge on
stress physiology and molecular responses, it may not reflect physiological conditions that
occur in the field (Verslues et al., 2006; Lawlor, 2013). Therefore, new methods have been
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developed. For short-term responses, in vitro systems in which plants are transferred to low
levels of osmotica allow us to easily study very early responses (see e.g. Skirycz et al., 2011a).
While there is an ongoing debate about the relevance of osmotica (reviewed by Verslues et al.,
2006), their use avoids many of the problems associated with drought experiments on soil-
grown plants (reviewed by Lawlor, 2013). To address some of these problems, automated
watering and phenotyping systems have been built, e.g. PHENOPSIS (Granier et al., 2006)
and WIWAM (Skirycz et al., 2011c). These systems compensate for the amount of water
lost through evaporation by regularly weighing individual pots and adding sufficient water,
subjecting a large amount of plants at controlled mild drought.
To study the effects of water limitation on growth, it is important to sample growing tissues
as specifically as possible to avoid signal dilution due to the high developmental stage-, tissue-
and cell type-specificity of drought responses (Dinneny et al., 2008; Skirycz et al., 2010; Duan
et al., 2013; Verelst et al., 2013). It has for instance been shown that harvesting young
seedlings for molecular analyses obscures effects on proliferating cells and mainly reveals
responses of expanding cells (Skirycz et al., 2010). In addition to molecular analyses, growth
should be accurately measured, preferably at the cellular level to distinguish between effects
on cell proliferation and cell expansion. Using growth and physiological parameters such as
tissue water potential, the stress severity can be monitored, and in soil drying experiments,
this allows to pinpoint when plants sense the stress, and when tissue sampling is thus most
informative (see e.g. Bonhomme et al., 2012). In this way, correlating molecular changes
to changes in growth becomes possible. Finally, it should be noted that comparing stress
sensitivity of different genotypes is not trivial, complicating the validation of the role of genes
or processes through analysis of mutant or transgenic lines; a recent excellent review by Lawlor
(2013) is highly informative on this subject.
The effects of limited water availability on growth
Growth regulation, mainly aimed at limiting shoot growth and thereby the evaporation sur-
face, is an integral part of the drought response of many plants. It has become clear that this
is a very fast and actively regulated response that is not merely a consequence of altered hy-
draulics, as it cannot be abolished when xylem water potential is maintained (Nonami et al.,
1997), and occurs in Arabidopsis (Arabidopsis thaliana), maize, rice (Oryza sativa) and wheat
(Triticum aestivum) even when the leaf water potential is not affected (Michelena and Boyer,
1982; Passioura, 1988; Parent et al., 2010; Bonhomme et al., 2012). Growth is also much
more sensitive to water limitation than photosynthesis (Boyer, 1970), and as a consequence
carbohydrates often accumulate in stressed plants, showing that growth reduction is not the
consequence of carbon deficit (reviewed by Muller et al., 2011). To the contrary, growth is
thought to be uncoupled from carbon availability under water-limiting conditions (Muller
et al., 2011).
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A striking feature that has emerged from many analyses is the highly dynamic and flexible
nature of the growth response to water deficit. In many species there is a fast and sharp
decrease of leaf elongation rates, termed acute growth inhibition, followed by recovery to a
new steady-state growth rate, referred to as acclimation (Skirycz and Inze´, 2010). Acclimation
of growth can already occur within 20 to 30 minutes in wheat and barley subjected to PEG or
salt in hydroponic cultures (Veselov et al., 2002; Fricke et al., 2006). Finally, when the stress
is relieved, growth rates can very quickly return to pre-stress levels (Chazen and Neumann,
1994; Ben-Haj-Salah and Tardieu, 1995; Veselov et al., 2002).
The underlying parameters of growth show great plasticity in their responses to water limita-
tion. Both growth rate and duration can be affected, and the extent to which these parameters
are impacted by mild drought was found to strongly depend on the accession or variety in
Arabidopsis and sunflower (Helianthus annuus) (Aguirrezabal et al., 2006; Pereyra-Irujo et al.,
2008). As a result, a prolonged growth period can partially compensate for lower growth rates
(Aguirrezabal et al., 2006; Skirycz et al., 2010; Baerenfaller et al., 2012). The contributions of
cell proliferation and cell expansion to drought-induced growth inhibition were also shown to
be accession-specific in Arabidopsis and variety-dependent in sunflower (Aguirrezabal et al.,
2006; Pereyra-Irujo et al., 2008). Several observations suggest that this variety-specificity
also holds for maize: in the cultivar DEA, both cell proliferation and cell expansion were
reduced by mild drought (Tardieu et al., 2000), while in B73 and B104 only cell proliferation
was affected (H. Nelissen and D. Inze´, unpublished results). However, these results come
from different experiments, and the difference could thus also be due to differences in growth
conditions or stress severity. In general, we can conclude that the adjustment of growth to
water availability is thus not only dynamic but also highly flexible, and different mechanisms
have evolved or been selected through breeding.
Molecular responses of growing leaves to water limitation
The existence of variety-specific responses suggests considerable genetic plasticity in the con-
trol of growth response to water limitation; consequently, many quantitative trait loci (QTLs)
for leaf elongation rate sensitivity to lower soil water potential were discovered using a maize
Recombinant Inbred Line (RIL) population (Reymond et al., 2003). However, unraveling
the precise molecular mechanisms controlling growth under water limitation requires specific
analysis of growing tissues, as drought responses have been shown to depend strongly on the
developmental stage and the severity of stress (Dinneny et al., 2008; Skirycz et al., 2010;
Baerenfaller et al., 2012; Verelst et al., 2013). Remarkably, most of the genes identified with
a role in stress tolerance in mature tissues under severe stress conditions seem to have little
effect on growth inhibition in mild drought conditions (Skirycz et al., 2011c). In recent years,
several studies have been performed specifically on drought responses in growing tissues,
revealing many general features.
Growth and stress | 33
Hormones have been shown to play an important role in adjusting growth to water availability.
Transcript profiling of proliferating and expanding leaf tissue from Arabidopsis plants exposed
to mild osmotic stress revealed a role for ethylene and gibberellins (GAs) in acclimation
to both short-term and long-term mild drought stress (Skirycz et al., 2010, 2011a). This
important role for GAs in growth regulation was corroborated by other studies that profiled
leaf tissue at different developmental stages in Brachypodium distachyon and maize subjected
to mild drought (Verelst et al., 2013, H. Nelissen and D. Inze´, unpublished results). Other
hormones seem to be involved as well: mutants in jasmonate signaling showed altered growth
under mild drought conditions in Arabidopsis (Harb et al., 2010), and a phosphoproteome
profiling of the maize leaf growth zone also revealed changes in proteins involved in ethylene
and jasmonate signaling during drought and subsequent rewatering (Bonhomme et al., 2012).
Pretreatment with salicylic acid conferred enhanced growth and stress tolerance in wheat
exposed to osmotic stress (Kang et al., 2012). Auxin was found to play a role in growth
regulation by osmotic stress in wheat and Arabidopsis (Veselov et al., 2002; Skirycz et al.,
2010). Finally, the role of ABA, the canonical stress hormone, is confusing, but the current
consensus suggests that ABA can both directly inhibit growth and indirectly stimulate growth
by reducing ethylene biosynthesis and, in severe drought conditions, by activating aquaporin
expression and opening, and controlling hydraulic conductance (reviewed by Tardieu et al.,
2010; Wilkinson and Davies, 2010). Recent work on the effects of salt stress on root growth
showed that the hormonal signals controlling growth are also organ- and tissue-specific, as
ethylene mediates primary root growth inhibition, whereas quiescence of lateral root growth
is mediated by endodermal ABA signaling (Duan et al., 2013).
The dynamic response seen at the macroscopic level is also reflected at the molecular level:
changes in the phosphoproteome of maize leaves can already be seen within ten minutes
of rewatering after moderate drought stress (Bonhomme et al., 2012), and gene expression
changes occur in growing leaves within one hour following onset of osmotic stress (Skirycz
et al., 2011a; Dubois et al., 2013). These rapid responses are especially impressive given the
fact that water limitation is sensed by the roots and has to be signaled to the shoot (reviewed
by Skirycz and Inze´, 2010). Acute growth inhibition and acclimation likely involve different
molecular processes, as the transcriptome of leaves from plants acclimated to drought was
reported to be very different from previously identified short-term drought responses through-
out leaf development (Baerenfaller et al., 2012), although in other transcriptome studies this
disparity was not as pronounced (Skirycz et al., 2010, 2011a). In addition, in mature leaves,
mild drought-induced transcriptome changes were also shown to exhibit substantial ecotype-
specificity in Arabidopsis (Des Marais et al., 2012); given the ecotype-specificity of growth
responses, this is most likely also the case in growing leaves.
Molecular analyses have further uncovered reprogramming of the energy metabolism in grow-
ing leaves acclimated to stress. Proteome analysis of expanding cells acclimated to mild
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osmotic stress revealed that levels of enzymes involved in the Calvin cycle are decreased
(Skirycz et al., 2011b), possibly due to feedback signaling in response to the accumulation of
sugars in these leaves because of reduced demand from growth (Skirycz et al., 2010). Lower
Calvin cycle activity results in less energy production and less NADP+ regeneration, leading
to over-reduction of the photosynthetic electron transport chain (ETC) and ROS produc-
tion. While NADP+ can be regenerated by redox homeostasis mechanisms in the chloroplast
(Miller et al., 2010), this represents a substantial loss of energy. However, glycolysis and mi-
tochondrial respiration are both upregulated (Skirycz et al., 2011b), thereby using the excess
of reducing units and sugars to produce energy for growth. Interestingly, also in proliferating
tissues mitochondria play a crucial role in maintaining metabolic homeostasis through upreg-
ulation of ALTERNATIVE OXIDASE1A (AOX1A) during acclimation to mild osmotic stress
(Skirycz et al., 2010). Alternative oxidation allows energy production under stress conditions
while preventing over-reduction of the mitochondrial electron transport chain, which can lead
to ROS formation (Arnholdt-Schmitt et al., 2006). Furthermore, it was shown that proline,
an important osmolyte and osmoprotectant in mature tissues, can be transported to growing
tissues where it is used as an energy source by proline dehydrogenase, shuttling electrons di-
rectly into the mitochondrial transport chain (Sharma et al., 2011). This fits with increasing
evidence that mitochondria play a crucial role in orchestrating stress responses (reviewed by
Jacoby et al., 2011).
As a final note, it should be mentioned that while many studies on stress-induced growth
modulation focus on transcription factors (TFs), it is likely that there is also an epigenetic
component to be considered here. Epigenetics are known to play a large role in the regulation
of drought responses (reviewed by Kim et al., 2010), partly explaining the large transcriptional
reprogramming seen in response to stress. Consequently, the linker histone variant H1-3 is
strongly induced by moderate drought in growing tissues (Ascenzi and Gantt, 1999), and the
chromatin remodeling factor AtCHR12 mediates the moderate drought stress-induced arrest
of stem growth in Arabidopsis (Mlyna´rova´ et al., 2007). Additionally, the ELONGATOR
complex, which has histone acetyltransferase activity and in yeast is involved in the adjust-
ment of growth to environmental conditions, regulates stress-responsive gene expression and
affects cell proliferation during leaf growth (Nelissen et al., 2005). Furthermore, miRNAs are
differentially regulated by drought in proliferating and expanding leaf tissue from Brachy-
podium distachyon (Bertolini et al., 2013). An RNA-Seq study of proliferating maize leaf
tissue also found evidence for substantial alternative splicing, although this was in response
to severe drought (Kakumanu et al., 2012).
Mechanisms controlling cell proliferation
Cell proliferation is driven by the activity of cyclin-dependent kinases (CDKs), which, as the
name suggests, need to be associated with cyclins to be active (reviewed by De Veylder et al.,
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2007). Plants have many different CDK-cyclin modules (Van Leene et al., 2010), some of which
have highly specific roles (Cruz-Ramı´rez et al., 2012). The activity of CDK-cyclin complexes
is controlled by three major mechanisms: control of cyclin protein levels through degradation
by complexes like the ANAPHASE-PROMOTING COMPLEX/CYCLOSOME (APC/C); ac-
tivation or inhibition of the CDK-cyclin complexes by phosphorylation; and interaction of the
complexes with inhibitory proteins of which there are two main families: CDK INHIBITOR
(CKI)/KIP-RELATED PROTEIN (KRP)-type proteins and SIAMESE (SIM)/SIAMESE-
RELATED (SMR)-type proteins (reviewed by Komaki and Sugimoto, 2012).
Different lines of evidence exist for an effect of drought on almost all components of the cell
cycle machinery (Figure 2, top left panel): the expression of many cyclins is downregulated
by salt stress (Burssens et al., 2000), mild osmotic stress causes downregulation of APC/C
Figure 2: Mechanisms regulating growth and stress tolerance in developing leaves, and
their interactions. In the top and middle panels mechanisms regulating cell proliferation and expan-
sion in respectively short-term growth inhibition and more long-term acclimation to stress are depicted.
In the bottom panel stress tolerance mechanisms that interact with growth-regulating mechanisms are
shown. Font color indicates the direction of change by stress: red for upregulation, green for down-
regulation and black for no change.
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repressors (Claeys et al., 2012), and both CKI/KRP- and SIM-type CDK inhibitors are in-
duced by drought or salt stress (Pettko´-Szandtner et al., 2006; Peres et al., 2007). Besides
the transcriptional response, there is also control at the post-transcriptional level. In grow-
ing Brachypodium distachyon leaves, moderate drought results in differential expression of
miRNAs known to regulate cell proliferation and cell differentiation (Bertolini et al., 2013).
CDKA activity is inhibited by mild osmotic stress in wheat (Schuppler et al., 1998) and
Arabidopsis (Skirycz et al., 2011a), and by mild drought in maize (Granier et al., 2000).
Also, many components of the mitotic machinery involved in cytokinesis showed differential
phosphorylation upon rewatering after drought stress in maize (Bonhomme et al., 2012).
Recently, a pathway was established that connects mild osmotic stress to the cell cycle ma-
chinery, involving the hormones ethylene and GAs. This pathway starts with very rapid ac-
cumulation of the ethylene precursor 1-amino-cyclopropane-1-carboxylic acid (ACC) and ac-
tivation of ethylene responses within one hour after stress onset, leading to post-translational
and reversible inhibition of CDKA, effectively halting the cell cycle (Skirycz et al., 2011a).
Among the earliest transcripts induced by stress are ERF5 and ERF6, a redundant pair of
ethylene response factors. ERF6 induction is highly specific for growing leaves; in mature
leaves its expression is repressed by osmotic stress (Dubois et al., 2013). ERF6 was shown
to be post-translationally activated through a MAPK cascade involving MPK3 and MPK6 in
response to ACC treatment, oxidative stress or infection with Botrytis cinerea (Meng et al.,
2013; Wang et al., 2013), and this most likely also happens under osmotic stress. ERF6 then
activates the expression of GA2OX6, encoding an enzyme that inactivates GAs and thereby
causes DELLA stabilization (Dubois et al., 2013). Finally, DELLAs modulate APC/C ac-
tivity by transcriptional repression of DEL1 and UVI4, two important APC/C inhibitors,
and thereby push cells into differentiation and early onset of endoreduplication, irreversibly
abolishing their potential for proliferation (Claeys et al., 2012). GAs control the transition
from cell proliferation to cell expansion in maize leaf development as well, both in control
conditions (Nelissen et al., 2012) and during mild drought (H. Nelissen and D. Inze´, unpub-
lished results), but the molecular mechanisms connecting DELLAs to the transition have not
been elucidated yet in maize. In this respect it is interesting to note that while Achard et al.
(2009) demonstrated that DELLAs control the cell cycle by inducing the expression of KRP2
and SIM-type inhibitors in young seedlings, we found no upregulation of cell cycle inhibitors
by DELLAs in proliferating leaves, but rather an effect on APC/C regulators (Claeys et al.,
2012). This suggests that cell cycle regulation by DELLAs may be a general theme, but that
the exact mechanism depends on the tissue and conditions.
In leaves of dicotyledonous plants, there is also a special type of cell proliferation in the stom-
atal lineage, which is controlled independently of the primary cell proliferation arrest front
(Gonzalez et al., 2012). This lineage is based on the activity of meristemoids, proliferating
cells that generate pavement cells to ensure accurate spacing of stomata, before finally differ-
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entiating into a pair of guard cells (reviewed by Bergmann and Sack, 2007). The importance
of the stomatal lineage is often underestimated in plant growth, but estimates suggest that
48% of pavement cells are the result of meristemoid divisions (Geisler et al., 2000). It is
known that water limitation reduces the stomatal index in many species to reduce evapora-
tion (reviewed by Casson and Gray, 2008). Interestingly, under prolonged but stable mild
osmotic stress, meristemoid activity is modulated in a highly elegant manner, leading to en-
hanced generation of pavement cells, and thus improved growth, while keeping the number of
stomata, and thereby water loss through transpiration, low (Skirycz et al., 2011a). While the
pathways involved in the generation of guard cells are well understood, little is known about
the control of meristemoid divisions in leaf development (reviewed by Gonzalez et al., 2012).
ABA was recently shown to restrict entry into the meristemoid lineage, fitting the reduced
number of stomata found in water-limiting conditions (Tanaka et al., 2013), but nothing is
known about the control of the ratio of pavement to guard cells in the output of this lineage.
Mechanisms controlling cell expansion
Cell expansion in plants is essentially regulated by a combination of water uptake and expan-
sion of the vacuole on the one hand, and controlled loosening of the cell wall and deposition
of new cell wall material on the other hand. Loosening of the cell wall is mediated by the
activity of expansins, which are mainly active at low pH (forming the basis of the so-called
‘acid growth’ hypothesis), of xyloglucan endotransglucosylase/hydrolases (XTHs), of pectin
methylesterases (PMEs) and of ROS (reviewed by Cosgrove, 2005). The most important sig-
nals controlling the activity of these effectors are thought to be auxin and mechanical signals
(Uyttewaal et al., 2010). The majority of these cell wall-modulating signals and effectors are
modulated by water deficit (Figure 2, top right panel).
It is likely that hydraulics play a role in cell expansion responses to water deficit. Osmotic
adjustment, achieved by the accumulation of solutes to lower the cellular water potential
and thereby facilitate water uptake, is seen after water deficit in barley leaves (Fricke et al.,
2006) and maize leaves (Chazen and Neumann, 1994). This osmotic adjustment can occur
specifically in the growth zone, while at the same time being absent in the mature part of the
leaf (Michelena and Boyer, 1982), again highlighting the specific responses of growing tissues
to stress. However, from the aforementioned studies it is clear that osmotic adjustment does
not always correlate with enhanced cell expansion, indicating that there is also an active
growth restriction, most likely targeting cell wall dynamics. Several observations confirm
this theory. Chazen and Neumann (1994) showed cell wall hardening in PEG-treated maize
leaves within minutes after stress onset. Cell wall extensibility decreased by drought stress in
soybean, and this correlated with lower XTH activity (Wu et al., 2005). Likewise, expression
of expansin genes in maize leaves correlates with growth dynamics in several environmental
conditions, including drought (Muller et al., 2007). PEG treatment also leads to rapid cell
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wall alkalinization in the growth zone of the maize leaf, thereby counteracting the activity of
expansins (Ehlert et al., 2011). In white clover (Trifolium repens), lignification was observed
in leaves subjected to osmotic stress (Lee et al., 2007), and in the growth zone of maize leaves
drought increases the levels of enzymes involved in lignin formation (Riccardi et al., 1998).
Thus, although different mechanisms are used in different species, the end result is always a
fast hardening of the cell wall, thereby inhibiting cell expansion even with maintained turgor
pressure.
However, during the acclimation response cell walls become more flexible: in expanding Ara-
bidopsis leaves that had acclimated to mild osmotic stress, cellulose synthesis was downreg-
ulated, but genes involved in cell wall extensibility, such as expansins, were upregulated, and
levels of superoxide were significantly higher (Skirycz et al., 2010). Expression of expansin
genes was also upregulated in Arabidopsis plants exposed to moderate drought (Harb et al.,
2010). In tissues acclimated to a steady-state stress, a more extensible cell wall may im-
prove growth under lower turgor pressure. Even more impressively, when Arabidopsis and
sunflower plants were rewatered after they had apparently stopped growing, cell expansion
was resumed, suggesting that the cell walls were kept in an extendable state (Lechner et al.,
2008).
Not much is known about the signaling networks that relate water status to cell expansion.
Accumulation of indole-3-acetic acid (IAA) was demonstrated in barley leaves after osmotic
stress onset (Veselov et al., 2002), and in leaves of maize plants exposed to salt stress (Veselov
et al., 2008). This could aid in the acclimation of cell expansion to stress, as auxins are known
to stimulate cell wall acidification, XTH and expansin activity, and cell expansion (Cosgrove,
2005). Furthermore, MYB41 is thought to be part of a complex network regulating cell wall
modification and cell expansion in response to abiotic stresses such as drought (Cominelli
et al., 2008). Interestingly, some of the signals that regulate cell proliferation under water
limitation, which were discussed in the previous part, may also play a role in the regulation
of cell expansion. In expanding leaves of Brachypodium distachyon, drought consistently
upregulates miR528, the predicted target of which is thought to inhibit ethylene production
(Bertolini et al., 2013). Transcriptome profiling of expanding Arabidopsis leaves acclimated
to osmotic stress also points to a role for ethylene, along with GAs and auxin (Skirycz et al.,
2010). Interestingly, ERF6 overexpression strongly affects cell expansion as well, and induces
cell shape changes reminiscent of mannitol treatment, suggesting similar cell wall changes
(Dubois et al., 2013). This could also be mediated by GAs, which are known to affect cell
expansion (Achard et al., 2009). In accordance with this hypothesis, both ERF6 and GA2OX6
are induced within hours after stress onset in expanding leaf cells (M. Dubois and D. Inze´,
personal communication), making a role for ERF6 and DELLAs highly likely. In the root,
DELLAs also control cell elongation through control of ROS, which contribute to cell wall
extensibility (Achard et al., 2008b). Furthermore, overexpression of the stress-induced genes
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BrERF4 (from Brassica rapa) and WRKY44 in Arabidopsis conferred tolerance to salt and
drought stress and specifically inhibited leaf cell expansion, most likely by affecting expression
of expansins, but had no effect on cell proliferation (Park et al., 2012). Thus, ethylene and GAs
also play an orchestrating role in regulating cell expansion under water-limited conditions.
Stress tolerance mechanisms in growing tissues
While growing tissues actively reprogram their growth, they also activate tolerance mecha-
nisms against cellular damage. Interestingly, genes traditionally associated with response to
water limitation, such as DREB2A, RD29B, LEAs and ABA-related genes, are not induced,
or even repressed, in growing tissues of plants subjected to mild osmotic stress, whereas they
are induced in mature tissues at the same stress level (Skirycz et al., 2010, 2011a). However,
in these studies an enrichment of stress markers typically associated with biotic stress, such as
WRKY and ERF TFs, mildew resistance locus proteins and genes involved in the biosynthesis
of indolic glucosinolates, was found (Skirycz et al., 2010, 2011a). A different study on young
leaves of soil-grown Arabidopsis plants exposed to moderate drought stress found classical
ABA-dominated water deprivation responses early after stress onset, but this response dis-
appeared in acclimated leaves, at which point several ‘biotic’ stress markers, such as MYB51
and WRKY33, were induced (Harb et al., 2010). This suggests that tolerance mechanisms in
growing leaves may be different from those in mature leaves.
Strikingly, in the three aforementioned studies on growing Arabidopsis leaves, the oxidative
stress response was much less pronounced than in mature leaves, which showed accumulation
of proline, flavonoids and LEA proteins. As the stress level was the same, this likely reflects
developmental stage specificity rather than the low stress severity (Skirycz et al., 2010).
However, dividing cells are especially sensitive to damage from ROS, and ROS also function
as regulators of cell division and differentiation (Schippers et al., 2012), suggesting that there
must be mechanisms regulating the redox status in growing tissues. A proteome analysis of
expanding leaf cells subjected to mild osmotic stress indeed revealed higher protein levels of
redox components such as glutathione S-transferases and ascorbate peroxidase (Skirycz et al.,
2011b). Interestingly, the extensive reprogramming of mitochondrial metabolism (see above),
involving upregulation of AOX1A and the mitochondrial dysfunction regulon (Van Aken et al.,
2007), also has an important function in maintaining ROS homeostasis and thereby limiting
cellular damage (Giraud et al., 2008; Skirycz et al., 2010). Mechanisms to prevent and deal
with oxidative stress may thus also be somewhat different in growing leaves compared to
mature leaves.
Coregulation of growth and tolerance
As it is crucial for plants to balance on the one hand ensured survival through growth quies-
cence and tolerance mechanisms and on the other hand maintained competitiveness through
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continued growth, there is extensive coregulation of both processes. Here we highlight four
common mechanisms: DELLAs, AP2/ERF-type TFs, proline and mitochondrial metabolism
reprogramming (Figure 2, bottom panel).
DELLA proteins, an important class of negative regulators of GA signaling, were shown to
be crucial integrators controlling growth and survival in response to various stresses, such
as low temperature and high salinity (Achard et al., 2006). DELLA stabilization following
severe salt stress results in the activation of many genes that protect cells from cellular
damage, such as ROS-inactivating enzymes, and it was proposed that lowering ROS levels
both enhances stress tolerance and limits cell expansion and thereby root growth (Achard
et al., 2008b). Consequently, quadruple DELLA mutants, lacking the four major DELLAs,
are less tolerant to severe salt stress when survival is scored, but show less growth inhibition
(Achard et al., 2006). GASA14 was recently suggested to be a downstream mediator of
DELLAs in tolerance and growth regulation control through ROS; it is a GA-regulated gene
that stimulates cell expansion and induces tolerance to severe abiotic stress by limiting ROS
accumulation, potentially because the protein exhibits redox activity (Sun et al., 2013).
However, there is a level of regulation upstream of DELLAs that suggests that stress tolerance
and growth responses can be uncoupled. As mentioned before, ERF6 stimulates the inacti-
vation of GAs by 2-oxidation and thereby induces stabilization of DELLAs, which inhibit
cell proliferation and expansion (Dubois et al., 2013). However, ERF6 also activates stress
tolerance genes such as WRKY33, MYB51 and STZ, and this is independent of DELLAs
(Dubois et al., 2013). Additionally, ERF6 was also shown to provide a protective role against
oxidative stress (Wang et al., 2013) and biotic stress (Meng et al., 2013). For cold stress, a
similar pathway was established in which CBF1 is the functional equivalent of ERF6, lead-
ing to DELLA-dependent growth inhibition by upregulation of GA2OX3 and GA2OX6, and
DELLA-independent stress tolerance (Achard et al., 2008a). Similarly, in response to high
salinity, DDF1 directly activates transcription of GA2OX7, leading to a decrease in GA levels
and subsequent growth inhibition, and of stress tolerance genes such as RD29A (Magome
et al., 2008). Finally, when AtDREB1A, a master regulator of drought tolerance, is overex-
pressed in soybean (Glycine max), upregulation of GA2OX4 leads to a drop in GA levels and
subsequent growth inhibition, which can be reversed by GA application (Suo et al., 2012).
All these observations points to a common mechanism in which stress-specific AP2/ERF-type
TFs induce GA inactivation to regulate growth, and independently activate stress tolerance
genes.
A very different and surprising form of interplay between tolerance and growth is mediated by
proline. Proline accumulates in response to many abiotic stresses, and acts as an osmolyte,
osmoprotectant, regulator of redox balance, and signaling molecule (reviewed by Szabados
and Savoure´, 2010). Recently, proline was shown to be transported to growing tissues to
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act as an energy source to support both root and shoot growth in Arabidopsis, as proline
catabolism directly transfers electrons to the mitochondrial electron transport chain (Sharma
et al., 2011). This fits the observation that an increased production or exogenous application of
proline results in higher stress tolerance and maintained growth under abiotic stress conditions
(reviewed by Ashraf and Foolad, 2007).
Finally, the role of mitochondria in regulating stress responses, as discussed previously, is also
dual: alternative oxidation supplies energy for growth, while maintaining redox homeostasis
and thereby preventing formation of ROS. Accordingly, plants overexpressing AOX1A showed
less growth inhibition when subjected to mild drought (Skirycz et al., 2010), while plants
lacking functional AOX1A were more sensitive to combined drought and heat (Giraud et al.,
2008). CDKE1 was recently shown to have a role in mitochondrial retrograde signaling and
AOX1A activation in response to oxidative and cold stress, and was proposed to integrate
environmental signals and act as a switch between growth and tolerance (Ng et al., 2013).
Furthermore, the Arabidopsis TF WRKY15 regulates both cell expansion and osmotic stress
tolerance through control of the mitochondrial stress response (Vanderauwera et al., 2012).
Additionally, several genes were identified that regulate both growth and tolerance to stress,
with potential for independent regulation. KUP-type K+ transporters are induced by different
stresses with an osmotic component, and specifically inhibit cell expansion while enhancing
drought tolerance (Osakabe et al., 2013). The kinase NEK6, which is induced by ACC and se-
vere salt stress, negatively regulates ethylene production and signaling, and stimulates growth
by enhancing the expression of the cyclins CYCB1;1 and CYCA3;1, while also inducing stress
tolerance (Zhang et al., 2011). In rice, RSS1, a monocot-specific protein that is specifically
expressed in proliferating cells and the stability of which is controlled by the APC/C, is im-
portant for maintenance of the shoot meristem under abiotic stress conditions, but is also
thought to control stress tolerance responses as its loss-of-function mutation results in the
upregulation of genes responsive to salt, drought and cold (Ogawa et al., 2011).
The examples of coupled stress tolerance and growth modulation described here show that a
flexible network of genes and processes controls the balance of survival and growth. DELLAs
and KUP-type K+ transporters activate stress tolerance at the cost of growth inhibition, as
is often seen. However, in order to maintain growth, other mechanisms allow more flexibility.
AP2/ERF-type TFs, such as ERF6, represent nodes in the network where growth inhibi-
tion and stress tolerance diverge. At the same time, there are factors that both promote
stress tolerance and maintained growth, such as proline, the reprogramming of mitochondrial
metabolism, NEK6 and RSS1. Understanding how these nodes, and additional ones that are
yet to be discovered, function dynamically in the network controlling growth and survival
is one of the major challenges of abiotic stress research, which holds great promise for the
engineering or breeding of drought-tolerant plants.
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Perspectives for enhancing drought performance in the field
After decades of research on how plants respond and adapt to drought, many interesting leads
have been identified, but little of this knowledge has been translated to the field (reviewed
by Deikman et al., 2012). One reason that was brought forward to explain this discrepancy
centers around the observation that often artificial and too severe stress assays are used,
which bear little relation to physiological conditions (Lawlor, 2013). Therefore, the severity,
duration and developmental timing at which stress occurs should be carefully controlled.
Moreover, the use of non-invasive high-throughput phenotyping allows to directly analyze
growth and physiological parameters during water limitation, which may be a better measure
than scoring survival under very severe stress (Skirycz et al., 2011c; Deikman et al., 2012).
Also in classical breeding, precise and proper phenotyping is currently seen as one of the most
limiting factors in the generation of drought-tolerant crops, as this is a quantitative trait in
which single genes or QTLs usually have subtle effects that are strongly dependent on the
genetic background and show strong environment interactions (Cattivelli et al., 2008; Araus
et al., 2012). A final complication comes from the fact that in the field different stresses are
often experienced simultaneously, and a recent report suggests that responses to combinations
of stresses cannot easily be predicted from single stress responses (Rasmussen et al., 2013).
Indeed, transcriptome and metabolome responses to combined heat and severe drought, two
stresses that commonly co-occur in agricultural conditions, were previously found to be very
different from responses to either stress alone (Rizhsky et al., 2004).
Despite these shortcomings, the first generation of targeted drought-tolerant crops is coming
to the field. In recent years, a number of drought-tolerant maize varieties have been released,
such as Syngenta’s Agrisure Artesian and Pioneer’s Optimum AquaMax hybrids, achieved
through advanced molecular breeding based on knowledge gained by fundamental research
into drought responses (Tollefson, 2011). The first drought-tolerant GM crop, Monsanto’s
DroughtGard maize, is set for release in 2013. It is a transgenic hybrid line expressing CspB,
an RNA chaperone isolated from Bacillus subtilis, which was shown to enhance productiv-
ity during drought without yield penalty under well-watered conditions, although the exact
mechanism is unknown (Castiglioni et al., 2008). An interesting aspect of this variety is that
it was specifically developed to tackle moderate drought in the Western Great Plains of the
US, and this highlights a growing insight in the field: most likely there is no magic bullet
that will offer generic tolerance to water limitation, necessitating the development of specific
solutions for specific situations (Tardieu, 2012).
It is our belief that enhancing growth with limited water can be beneficial in areas that ex-
perience mild drought spells, especially during vegetative growth, as was recently argued for
C4 plants such as maize (Lopes et al., 2011). Likewise, for temperate cereals, enhanced shoot
growth is seen as a contributing factor in breeding for higher yields under water-limiting con-
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ditions, as this minimizes moisture evaporation from the soil, and is associated with enhanced
root growth and therefore better water uptake (Richards et al., 2010). Factors controlling
both growth and tolerance mechanisms, like those discussed in this review, have a large po-
tential for the engineering of continued growth in mild drought conditions, as this allows to
deactivate growth inhibition while maintaining a certain level of protection against damage.
However, this approach may exacerbate the problems during severe drought (Tardieu, 2012),
during which lack of CO2 due to the closure of stomata, inhibition of photosynthesis and
reduced turgor will anyway passively limit growth. In this case different strategies have to
be used to endure the stress as long as it occurs and in the meantime limit evaporation and
cellular damage as much as possible. This is reminiscent of submergence tolerance in rice,
where two basic strategies are used upon flooding: very rapid growth to bring the leaves
back into the air above the water surface, useful in instances of shallow prolonged flooding,
or completely shutting down growth and metabolism, which improves survival during short
but deep floods (Bailey-Serres et al., 2012). This knowledge has greatly contributed to the
engineering of flood-tolerant rice, yet both strategies are detrimental when used in the wrong
conditions. The agony of choice is thus not limited to plants, but also extends to us.
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Despite its importance for agriculture, environmental stress-induced growth inhi-
bition, which is responsible for significant yield reductions, is only poorly under-
stood. Here we investigated the molecular mechanisms underlying cell cycle inhi-
bition in young proliferating leaves of the model plant Arabidopsis thaliana when
subjected to mild osmotic stress. A detailed cellular analysis demonstrated that
as soon as osmotic stress is sensed, cell cycle progression rapidly arrests, but cells
are kept in an ambivalent state allowing a quick recovery (‘pause’). Remarkably,
cell cycle arrest coincides with an increase in 1-aminocyclopropane-1-carboxylate
(ACC) levels and the activation of ethylene signaling. Careful study showed that
ethylene acts on cell cycle progression via inhibition of cyclin-dependent kinase A
activity independently of EIN3 transcriptional control. When the stress persists,
cells exit the mitotic cell cycle and initiate the differentiation process (‘stop’),
reflected by early endoreduplication onset, in a process independent of ethylene.
Nonetheless, the potential to partially recover the reduced cell numbers remains
thanks to the activity of meristemoids. Together, these data present a novel con-
ceptual framework to understand how environmental stress reduces plant growth.
Introduction
When subjected to environmental stress, plants actively reduce their vegetative growth to
save and redistribute resources and thus increase their chance of survival when the stress
becomes severe (Skirycz and Inze´, 2010). However, when the stress does not threaten sur-
vival, growth inhibition can be seen as counter-productive because it leads to an unnecessary
drop in productivity and substantial yield penalties. ‘Bolder’ plants that are able to grow
during mild stress episodes might prove an efficient way to boost productivity in regions that
do not experience severe weather conditions (Tardieu, 2003). Therefore, understanding the
mechanisms underlying growth inhibition in response to stress is essential not only from an
academic, but also from a socio-economic point of view.
In plants, organ growth is driven by two tightly controlled and dynamic processes: cell pro-
liferation and subsequent cell expansion. The coordination of these two processes during
leaf growth ultimately determines leaf size and shape. In dicots, such as the model species
Arabidopsis thaliana, leaves initiate at the flank of the meristem and, in the initial phase,
their growth is driven exclusively by cell proliferation (Donnelly et al., 1999). In somewhat
older leaves, cells will exit the mitotic cell cycle and start expanding from the tip onward.
This transition is manifested by the onset of endoreduplication, which is a modified cell cy-
cle in which replication proceeds without mitosis with higher ploidy levels as a consequence
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(Beemster et al., 2005). In water-limited environments, plants respond by a rapid initial
growth reduction followed by growth adaptation, resulting in leaves with fewer and smaller
cells (Schuppler et al., 1998; Granier and Tardieu, 1999; Aguirrezabal et al., 2006; Skirycz
et al., 2010). Whereas previously we investigated processes involved in growth adaptation
to long-term exposure to stress (Skirycz et al., 2010), the aim of this research was to learn
more about the mechanisms underlying acute stress-mediated growth inhibition. Although
reduction of cell proliferation upon stress onset is a well-known phenomenon, how changes in
the environment translate into reduced proliferation rates is only poorly understood.
At the level of the cell cycle machinery the most often proposed scenario that mediates stress-
induced cell cycle inhibition assumes transcriptional up-regulation of cell cycle inhibitors that
belong to the inhibitor of cyclin-dependent kinase (CDK) (ICK)/KIP-related protein (KRP)
and/or the SIAMESE family. These inhibitors are thought to transiently arrest cell prolifera-
tion by inhibiting CDKA/cyclin complexes (De Veylder et al., 2001; Churchman et al., 2006;
Peres et al., 2007; Rymen et al., 2007). CYCLIN DEPENDENT KINASE A (CDKA) activity,
which is a main driver of cell cycle progression, can also be reduced via targeted degradation
of cyclins and/or inhibitory phosphorylation, as shown for wheat (Triticum aestivum) plants
subjected to drought stress (Schuppler et al., 1998). Upstream of the cell cycle machinery,
the plant hormone abscisic acid (ABA) has been demonstrated to affect the expression of
the ICK/KRP and/or SIAMESE genes (Wang et al., 1998; Pettko´-Szandtner et al., 2006).
Another classical stress hormone is ethylene, which was shown to accumulate upon drought
(Kalantari et al., 2000; Sobeih et al., 2004) and similarly to ABA, the ethylene precursor
1-aminocyclopropane-1-carboxylate (ACC) is known to be transported from root to shoot
(reviewed by Sobeih et al., 2004). As such, ABA and ethylene are considered good candi-
dates to communicate changes in the soil water status to the meristems. Examples of positive
as well as negative effects of ethylene and ABA on growth can be found in the literature
(reviewed by Sharp and LeNoble, 2002; Pierik et al., 2006) but their exact role in cell cycle
regulation remains largely unknown.
Here, we examined how mild drought stress affects cell proliferation during early leaf develop-
ment. In contrast to expanding leaves, entirely proliferating Arabidopsis leaves are extremely
small (less than 0.1 mm2 in size) and, thus, it is a technical challenge to obtain a molecular
basis of stress-induced cell cycle arrest with sufficient developmental and temporal resolution.
To this end, a novel experimental set-up had to be established to enable the simultaneous
analysis of growth-related parameters and molecular mechanisms specifically in the prolifer-
ating leaves upon short term exposure to stress. Unlike many previous studies focusing on
very severe stress in mature leaves or complete seedlings (e.g. Fujita et al., 2007; Kant et al.,
2007; Papdi et al., 2008), this mild stress set-up slowed down growth without affecting plant
survival. Our data clearly demonstrated that cell cycle arrest is a very rapid response to stress
mediated by posttranscriptional mechanisms rather than a transcriptional cascade, with the
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plant hormone ethylene upstream of the reversible cell cycle arrest. Whereas ethylene is a
primary signal for growth arrest, the subsequent ethylene-independent cell cycle exit occurs
relatively late and only when the stress persists. Such highly temporal regulation allows
plants to fine-tune their growth response according to the stress duration.
Results
Osmotic stress affects cell proliferation and endoreduplication onset
To decipher the mechanisms by which water deficit inhibits cell proliferation, an experimental
set-up was developed that reproducibly reduced the leaf area by approximately 50%. The best
results were obtained by addition of mannitol to the growth medium at a low concentration
(25 mM), thereby decreasing the water potential of the medium and, hence, water uptake
of the exposed roots. Arabidopsis seedlings were germinated and grown on nylon meshes
overlaying control medium until 9 days after stratification (DAS), when the third true leaf is
fully proliferating (Skirycz et al., 2010), and subsequently transferred to control or mannitol-
containing medium (Figures 1A to 1C). Kinematic analysis was performed, whereby leaves
were harvested daily throughout development of leaf 3 (9-20 DAS) and based on drawings of
the abaxial epidermis, cell number, cell area, number of guard cells, and cell division and cell
expansion rates were calculated (De Veylder et al., 2001). Decrease in leaf area was already
apparent 24 h after the transfer (Figure 2A; t-test, p-value = 0.003) and resulted from re-
duced proliferation rates, as demonstrated by cellular measurements (Figure 2B). However,
this reduction was short-term as cell division rates of stressed plants were indistinguishable
from controls within 72 h of transfer, and afterward even slightly increased as a compensation
for the initial decrease (Figure 2B). Importantly, transfer itself did not inhibit leaf growth and
the reduced cell numbers could be fully attributed to osmotic stress (Supplemental Figure
1A). Leaf and plant morphology were not altered by mannitol (Figure 2C). Cell expansion
Figure 1: Experimental setup. (A) Schematic representation of leaf 3 development with prolifer-
ating (P; red), expanding (E; green), and mature (M; white) cells. At 9 DAS, plants were transferred
to mannitol, and leaf 3 was dissected for growth, ploidy, and molecular analysis. (B) Nine-day-old
seedling. (C) Electron micrograph of the 3rd and 4th leaves at 9 DAS. Bars = 2 mm in (B) and 200
µm in (C).
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was also affected by stress and the reduced final leaf area was a combination of fewer and
smaller cells (Figure 2D). The stomatal index, which represents the number of stomata as a
fraction of the total number of cells, was reduced as well (Figure 2E). To learn more about
the mechanisms underlying the rapid reduction of cell division upon stress onset, we har-
vested leaf samples daily after transfer. As a measure of cellular differentiation, the ploidy
distribution was examined by flow cytometry. This revealed significant differences starting
from 48 h after stress imposition (Figure 3A). In stressed leaves, 4C nuclei started to accu-
mulate approximately one day earlier than in controls at the expense of 2C nuclei (Figure
3A). Analogously, the number of 8C nuclei increased sharply at 14 DAS in stressed leaves,
but only at 15 DAS in control samples (Figure 3A). Again, transfer itself had no effect on
ploidy levels (Supplemental Figure 1B). Faster onset of endoreduplication implied that stress
induced mitotic exit. This observation was further investigated with a CYCB1;1:Dbox-GUS
reporter line. Staining for CYCB1;1:Dbox-GUS activity visualizes cells at the G2-to-M tran-
sition, reflecting mitotic activity (Colo´n-Carmona et al., 1999). The most apparent differences
were observed 48 h after transfer. Whereas the developmental differentiation manifested by
strong staining at the leaf base but no staining at the leaf tip could be clearly seen in both
control and stressed leaves, the overall GUS activity was much weaker in the stressed leaves
corresponding to a reduced number of mitotic cells (Figure 3B). While the relative size of the
cell proliferation zone was similar in mannitol-treated leaves, the remaining proliferating cells
were found in a dispersed pattern throughout this zone. In conclusion, exposure of prolifer-
ating leaves to mild osmotic stress leads to a rapid decrease in cell division rates and a faster
onset of endoreduplication, indicative of an early mitotic exit as also observed by the reduced
expression of CYCB1;1:Dbox-GUS upon stress treatment. Within a few days after transfer,
division rates adapted to the new conditions and compensation effects were observed.
Cell cycle arrest and exit depend on stress duration
To investigate the dynamics of stress signaling, we transferred 9-DAS-old seedlings to mannitol
for 10, 24 or 48 h and subsequently transferred them back to control medium. Whereas in all
cases osmotic stress resulted in a cell cycle arrest, illustrated by a reduced leaf area measured
at 10 DAS (24 h after the initial transfer) (Figure 4A), 10 h of stress imposition was too
short to trigger mitotic exit, while after 24 h some early differentiation was visible (Figure
4C). Moreover, the initial reduction in cell number measured after exposure for 10 h and 24
h was completely compensated and no changes in cell number could be detected at 14 DAS,
while this recovery was only partial for plants exposed to stress for 48 h (Figure 4B). Along
with cell numbers, the stomatal index recovered as well in these plants (Supplemental Figure
2). In conclusion, a short stress exposure reversibly arrests cell cycle and only when stress
persists mitotic exit and differentiation are observed.
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Figure 2: Effects of mannitol and ACC on leaf growth. Kinematic analysis of leaf 3 dissected
from plants transferred to control, mannitol-, or ACC-containing media at 9 DAS, when the third leaf
is fully proliferating. (A) Leaf area, relative leaf growth rate (RLGR), and percentage of reduction of
leaf area caused by mannitol or ACC. RLGR is expressed as increase in leaf area (mm2) relative to the
initial leaf area per unit of time (day). (B) Cell number, relative cell division rates, and percentage
of reduction of cell number caused by mannitol or ACC. Relative cell division rates is expressed as
increase in cell numbers relative to the initial cell numbers per unit of time (day). (C) Plants 6 d
after transfer to control, mannitol-, or ACC-containing media. The red circle marks the 3rd leaf. Bar
= 2 cm. (D) Cell area. (E) Stomatal index that represents the number of stomata as a fraction of
the total number of cells. Data for (A) to (E) are means ± SE from three independent experiments.
Leaf area was measured for 8 to 10 leaves in each experiment. Cellular data are from four leaves in
each experiment.
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Figure 3: Osmotic stress arrests
the cell cycle and subsequently
triggers cell cycle exit. (A) Ploidy
analysis of leaf 3 dissected from plants
transferred to control, mannitol-, or
ACC-containing media at 9 DAS when
the third leaf is fully proliferating. Per-
centage of 2C, 4C, and 8C nuclei is pre-
sented. EI stands for endoreduplication
index and represents the average num-
ber of endocycles undergone by a typ-
ical nucleus (EI = 4C + 2 × 8C + 3 ×
16C). Data show means ± SE from
three independent experiments with
multiple leaves pooled in each experi-
ment. (B) Leaf 3 of CYCB1;1:DBox-
GUS plants 48 h (11 DAS) after trans-
fer to control, mannitol-, or ACC-
containing medium. Blue staining in-
dicates mitotic activity. Orange dot in-
dicates leaf tip. Bar = 0.5 mm.
Figure 4: The early growth inhibition by stress is reversible. Plants were transferred to
mannitol-containing plates at 9 DAS and then transferred back to control plates after 10 h (10M), 24
h (24M), or 48 h (48M) of mannitol treatment or kept on mannitol plates (M). Leaf 3 was dissected
for further analysis. (A) Reduction of leaf area at 10 DAS (24 h after first transfer). (B) Reduction of
leaf area and cell number at 14 DAS. (C) Ploidy analysis. EI stands for endoreduplication index and
represents the average number of endocycles undergone by a typical nucleus. Data in (A) to (C) show
means ± SE from three independent experiments with multiple leaves measured in each experiment.
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Figure 5: Effects of osmotic stress on meristemoid division activity and proliferation
zone. Plants were transferred to mannitol-containing plates at 9 DAS and afterward transferred back
to control (C) plates after 48 h of mannitol treatment (48M) or kept on mannitol plates (M). Leaf 3 was
dissected for further analysis. (A) Meristemoid division activity as determined by CYCB1;1:DBox-
GUS staining, expressed relative to control. Data on right are means ± SE from three independent
experiments with 6 to 12 leaves measured in each experiment. Photo on left shows a representative
active meristemoid. Bar = 10 µm. (B) Leaf base of leaf 3 stained for CYCB1;1:DBox-GUS expression
at 14 DAS. Some mitotic activity can still be seen in the proliferation zone of mannitol- treated leaves
(indicated with an arrow). Bar = 0.5 mm.
Increased meristemoid division activity aids in cell number recovery
After the initial arrest of cell division in the cell proliferation zone and subsequent mitotic
cell cycle exit, cell division rates recovered and became slightly higher in mannitol-treated
leaves (Figure 2B) starting at 13 DAS, a time point at which the defined cell division zone
is reduced to a very narrow zone near the base of the leaf. Furthermore, when plants were
stressed for 48 h, at which time differentiation had occurred, and were then transferred back
to control medium, their cell numbers partially recovered and, simultaneously, stomatal index
fully recovered as well (Figure 4C; Supplemental Figure 2). The divisions associated with the
formation of stomata might account for this recovery. Using the CYCB1;1:DBox-GUS line, we
could indeed show that at the time of cell number recovery (13-14 DAS) meristemoid division
activity was higher in mannitol-treated samples and in samples recovering from mannitol
treatment than in control samples (Figure 5A). As the meristemoid lineage is restricted to the
epidermis, we also checked for division activity in the internal tissues of the leaf and observed
that at 14 DAS there was still some mitotic activity at the base of the leaf of mannitol-grown
plants, while in control leaves the cell proliferation zone had completely disappeared (Figure
5B).
Molecular insight into growth inhibition revealed by transcript profiling
To obtain a better understanding of the molecular mechanisms inhibiting cell division dur-
ing stress, we subjected proliferating leaf primordia to whole-genome transcript profiling.
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Statistical analysis identified 27, 189, 351, and 886 up-regulated and 31, 145, 84, and 622
down-regulated transcripts at 1.5, 3, 12 and 24 h after transfer to 25 mM mannitol, respec-
tively (Supplemental Table 1). Selected microarray data could be validated with a nCounter
platform containing probes for 100 genes involved in growth, stress, and hormonal regula-
tion (Supplemental Figure 3). Differential transcripts were used to construct Venn diagrams
and were subjected to k-means clustering (Supplemental Figure 4). The number of differen-
tially expressed genes was proportional to the stress exposure time and the majority of the
genes that were up- or down-regulated at earlier time points remained high or low at 24 h,
respectively.
Subsequently, the differential transcripts were examined with PageMan to calculate the func-
tional overrepresentation of MapMan categories (Thimm et al., 2004; Usadel et al., 2006)
(Supplemental Figure 5) and were compared to selected publicly available microarray ex-
periments (see Materials and Methods; Supplemental Table 2). To explain the reduced cell
proliferation rates, cell cycle genes were among the prime suspects. Indeed, a number of
transcripts encoding A-, B- and D-type cyclins, CDKB, SIAMESE-related proteins, and a
MYB3R4 transcription factor were significantly down-regulated (Figure 6A). Comparison
with expression data obtained from synchronized cell cultures (Menges et al., 2003) revealed
a significant overrepresentation of mitotic genes among the down-regulated transcripts, such
as the AURORA kinases and the kinesin HINKEL that are involved in cytokinesis (Supple-
mental Table 2; Figure 6A). Strikingly, the magnitude of change for all of the above-mentioned
cell cycle genes was similar (approximately 30%) and occurred only at 24 h (Figure 6A).
Besides the cell cycle-related transcripts, we were particularly interested in genes related to
hormonal signaling. Both the comparison to publicly available hormone addition experi-
ments (Goda et al., 2008) and the PageMan analysis revealed changes in ethylene signaling
(Supplemental Table 2; Supplemental Figure 5). ACC-responsive genes were enriched among
the transcripts up-regulated in proliferating leaves as early as 1.5 and 3 h after stress on-
set (Supplemental Table 2). The expression of genes encoding for factors that are directly
involved in ethylene signaling was also induced, namely the ethylene receptors (ETR2 and
ERS1), CTR1 and MPK3 MAPKs, EIN3 and EIL1 transcription factors, EBF1 and EBF2
involved in EIN3 protein degradation, and a number of ethylene-responsive transcription fac-
tors (ERF1, ERF2, ERF5, ERF6, and ERF11) (Figure 7A). While transcripts encoding ACC
biosynthetic enzymes were not affected, ACC oxidase (ACO2), which converts ACC to ethy-
lene, was up-regulated (Figure 7A). Significantly, no activation of either ABA or jasmonate
signaling, two other classical stress hormones, was apparent from the transcriptome analysis.
Importantly, transfer itself did not affect the expression of selected cell cycle and stress genes
as measured by quantitative reverse-transcription (qRT)-PCR, further showing that there is
no basal stress response in controls due to the transfer that could mask stress responses, such
as an ABA response, in plants exposed to mannitol (Supplemental Figure 1C). In summary,
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Figure 6: Osmotic stress effects
on cell cycle. (A) Heat map of se-
lected cell cycle genes differentially reg-
ulated by osmotic stress in the 3rd fully
proliferating leaf 1.5, 3, 12, and 24 h
after stress imposition. Data are from
Affymetrix ATH1 arrays and are ex-
pressed as the log2 of fold change (man-
nitol vs. control). Red and green indi-
cate upregulation and downregulation,
respectively. A key to the gene names
is provided in the Supplemental Table
3 online. (B) Relative CDKA activ-
ity measured in the 3rd proliferating
leaf, microdissected from plants trans-
ferred to control, mannitol-, or ACC-
containing medium 10 and 24 h after
transfer. Data show means ± SE from
two (24 h) or three (10 h) independent
experiments with ∼ 50 leaves pooled in
each experiment.
short-term stress exposure resulted in rapid induction of genes involved in ethylene signaling.
Cell cycle-related genes were concomitantly down-regulated, but only 24 h after stress onset.
ACC accumulates in shoots of stressed plants
To find out whether differential transcripts reflect changes in hormone levels, we determined
concentrations of the ethylene precursor ACC in complete shoots of 9-day-old plants trans-
ferred to mannitol. Already 1 h after stress onset, ACC levels were 30% higher in stressed
than in control samples, although this was not significant, and by 10 h, the increase was
more than 2-fold and significant (Figure 7B). At the time of analysis, the shoot samples were
mainly composed of expanding cells, reflecting the overall importance of ethylene signaling
for the response of growing tissues to stress.
CDKA activity is reduced within hours of stress onset
As transcripts of the cell cycle genes were down-regulated by stress relatively late, it is un-
likely that transcriptional mechanisms contribute to the rapid cell cycle arrest. To study
the involvement of posttranscriptional mechanisms, we investigated the activity and protein
abundance of CDKA. CDKA is a non-redundant protein situated at the heart of the cell cycle
regulation and promotes both G1-to-S and G2-to-M transitions (Inze´ and De Veylder, 2006).
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Figure 7: Rapid increase in ACC
levels after stress imposition. (A)
Heat map of selected ethylene signal-
ing genes differentially regulated by os-
motic stress in the 3rd fully proliferat-
ing leaf 1.5, 3, 12, and 24 h after stress
imposition. Data are from Affymetrix
ATH1 arrays and are expressed as the
log2 of fold change (mannitol, control).
Red and green indicate upregulation
and downregulation, respectively. A
key to the gene names is provided in
the Supplemental Table 3 online. (B)
ACC levels determined in shoots of 9-
DAS seedlings 1 and 10 h after transfer
to mannitol. Data show means ± SE of
100-150 plants from three independent
experiments. Asterisk indicates signifi-
cance (t-test, p-value < 0.05).
Although transcript and protein levels of CDKA were stable throughout the stress treatment,
CDKA activity decreased as early as 10 h after stress onset and remained low at 24 h (Figure
6B; Supplemental Figure 6A). The rapid decrease in CDKA activity upon stress coincides
with the cell cycle arrest.
Ethylene arrests the mitotic cell cycle
The transcriptome analysis revealed an early stress-dependent activation of ethylene-respon-
sive genes in leaf primordia. To assess the role of ethylene in cell cycle regulation, we analyzed
the effect of ACC. To this end, seedlings were transferred to medium containing 5 µM ACC
(Goda et al., 2008) with the same set-up as that used for the mannitol treatments. Similarly
to osmotic stress, transfer of seedlings to ACC resulted in a rapid reduction of cell prolifera-
tion rates (Figure 2B) and CDKA activity decreased as early as 10 h after transfer (Figure
6B). However, in contrast to mannitol treatment, the ploidy analysis revealed no changes
in endoreduplication onset (Figure 3A) and no difference in the expression of the mitotic
cell cycle genes CDKB2;1 and CYCB1;1 (Supplemental Figure 7A). Consistently, staining
for CYCB1;1:DBox-GUS activity revealed no changes in the number of mitotic cells (Figure
3B). Stomatal index was not affected either (Figure 2E). To complement the ACC addition
experiments, an inducible ACC synthase 5 (ACS5)-overexpressing line (ACS5:IOE) in which
ethylene production can be triggered by dexamethasone (DEX) was analyzed. Analogously
to ACC, transfer to DEX resulted in a decrease in cell numbers and leaf size (Figures 8A and
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8B), but, as for the ACC treatment, did not affect the endoreduplication onset (Supplemental
Figure 7B online). Additionally, to check whether mannitol and ACC treatments might have
an additive effect on leaf size, ACS5:IOE plants were transferred to a combination of DEX
and mannitol, but the obtained results were comparable to those for mannitol and DEX alone
(Figure 8A and 8B).
The possible involvement of ethylene in the stress-induced inhibition of cell division predicts
that ethylene-insensitive mutants would be less affected by transfer to mannitol. To test this
prediction, we selected mutants with no or little effect on growth under normal conditions.
This hypothesis proved true for the receptor mutant etr1-3 and for ein5-1, defective in the
activity of the XRN4 exoribonuclease upstream of the EBF1 and EBF2 F-Box proteins (Fig-
ures 8C and 8D). A particularly pronounced difference was measured 72 h after transfer (12
DAS); whereas the reduction in leaf area of the wild type was ∼45%, it was only ∼20% and
∼30% for ein5-1 and etr1-3, respectively (Figure 8C). A difference, albeit not significant,
was also measured for the mkk9 mutant (Supplemental Figure 8 online). However, neither
ein2-5, eil1, ein3-1 (Figures 8C and 8D) nor plants overexpressing EBF1 (data not shown)
showed this partial relief of inhibition. Importantly, early endoreduplication onset measured
in stress-treated wild-type leaves could also be detected in both ein5-1 (Supplemental Figure
7C online) and etr1-3 mutants (data not shown) exposed to mannitol. As reported before,
when left on mannitol-containing medium until 22 DAS, all of the mutants, and particularly
ein2-5, developed severe phenotypes and were overall much more affected by stress than the
wild-type plants (Skirycz et al., 2010). In addition to mannitol, leaf growth of ethylene-
insensitive mutants was also tested after transfer to ACC. While ACC-related decrease in leaf
area in ein3-1 and eil1 mutants was comparable to that of the wild-type, it was significantly
less in etr1-3, ein5-1, mkk9, and ein2-5 mutants (Figures 8E and 8F, Supplemental Figure 8
online). Consistently, CDKA activity was reduced by ACC treatment in wild-type and ein3-
1 but not etr1-3 and ein5-1 mutants (Supplemental Figure 6B). In conclusion, exogenous
ACC addition or activation of ethylene production reduces cell proliferation without signifi-
cantly affecting the onset of endoreduplication and subsequent cellular differentiation in an
EIN3-independent manner.
Discussion
Growth responds to stress in a dynamic fashion
One of the main characteristics of growth is its highly dynamic nature, as nicely illustrated
by daily expansion rhythms measured in Arabidopsis leaves (Poire´ et al., 2010). Similarly,
plant growth responds dynamically to osmotic stress. First, stress exposure resulted in a
rapid decrease in cell division rates, referred to as acute growth response, and already 24
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Figure 8: Involvement of ethylene signaling in cell cycle arrest. (A) and (B) Percentage of
reduction of leaf area (A) and cell number (B) in the 3rd leaf of plants harboring the inducible ACS5
construct (ACS5: IOE5) transferred to media containing DEX, mannitol, or DEX and mannitol at
9 DAS, compared with transfer to control medium. (C) to (F) Phenotypes of ethylene-insensitive
mutants. Percentage of reduction in leaf area (C) and in cell number (D) of the 3rd leaf of mannitol-
treated ethylene-insensitive mutants versus wild-type (WT) plants. Percentage of reduction in leaf area
of the 3rd leaf of ACC-treated ethylene-insensitive mutants versus wild-type plants (E). Photographs
of wild-type, ein3, etr1, and ein5 seedlings 6 d after transfer to ACC (F). Data in (A) to (E) show
means ± SE for two or three independent experiments. Leaf area was measured for minimum 8 to 10
leaves in each experiment. Cellular data were from four leaves in each experiment. D, DAS.
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h after stress onset cell numbers were significantly reduced. Nevertheless, within 72 h cell
proliferation rates of stressed and control plants were again identical, illustrating the stable
and relatively mild character of the treatment; later, division rates became even slightly
higher in stressed leaves than in controls. This suggests that leaves adapted to the restrictive
environment and established a new steady state, referred to as adaptive growth response
(Skirycz and Inze´, 2010). Similar acute and adaptive growth responses to stress have been
reported previously for roots (Burssens et al., 2000; Hsiao and Xu, 2000; West et al., 2004),
monocot leaves (Hsiao and Xu, 2000; Veselov et al., 2002; Fricke et al., 2006), and sunflower
(Helianthus annuus) leaves (Granier and Tardieu, 1999), but in all cases organ elongation
rates were measured, revealing mainly effects on expansion. We show that cell proliferation is
subject to acute and adaptive growth responses upon exposure to mild stress as well. These
findings demonstrate that molecular data on stress responses have to be interpreted with
care and, importantly, have to be accompanied by a detailed growth analysis. As illustrated,
samples taken 72 h, instead of 24 h, after stress onset would reflect mechanisms that allow
adapted cells to proliferate under stress conditions, but would not disclose much information
on acute cell cycle inhibition. For technical reasons, these measurements were performed
on the epidermis, although the leaf is composed of many cell types, but, in a similar set-
up, development of epidermal cells has been demonstrated to reflect that of the majority of
the cells in the leaf (Beemster et al., 2005). Moreover, the epidermis has been shown to be
the tissue driving shoot growth (Savaldi-Goldstein et al., 2007; Marcotrigiano, 2010; Hacham
et al., 2011).
Stress inhibits growth by reducing the number of proliferating cells
Expression data revealed a down-regulation of cell cycle-related transcripts only 24 h after
stress imposition and, intriguingly, negative as well as positive cell cycle regulators were
down-regulated to the same extent. Furthermore, ploidy analysis did not provide evidence
for an arrest at a specific point in the cell cycle, such as the G2/M block found in salt-treated
Arabidopsis roots (West et al., 2004). Hence, adaptation of growth to stress might not affect
the rate of individual cell division, but rather reduce the number of dividing cells. Water
deficit was previously shown to shorten the cell division zone in wheat and maize (Zea mays)
leaves (Schuppler et al., 1998; Tardieu et al., 2000), while salt stress treatment was found
to reduce the Arabidopsis root meristem size (West et al., 2004), although effects on cell
cycle duration in wheat (Schuppler et al., 1998) and sunflower leaves (Granier and Tardieu,
1999) have been reported as well. The early onset of endoreduplication and differentiation
observed in mannitol-stressed leaves also implies that a fraction of cells exit their mitotic
cycle in favor of endoreduplication. Further confirmation was obtained with plants expressing
a CYCB1;1:Dbox-GUS construct that clearly showed that the mannitol treatment reduced
the number of mitotic cells. However, the cell division zone was not shortened, but the
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dividing cells were found in a more dispersed pattern throughout the proliferation zone in
stress-treated leaves. In other words, stress-induced exit from the mitotic cell cycle does not
proceed in the same organized manner as developmental differentiation that starts at the
leaf tip and progresses to the leaf base (Donnelly et al., 1999). Therefore, we postulate that
developmental and stress-induced differentiation are regulated by different mechanisms.
Enhanced meristemoid division activity is responsible for partial cell number
recovery
When stress was relieved after the occurrence of the mitotic exit, and even when stable stress
conditions persisted, cell numbers partially recovered at the later stages of leaf development.
At this stage the cell proliferation zone had almost completely disappeared and divisions were
largely restricted to dispersed meristemoids forming stomata and generating pavement cells
in the process (Bergmann and Sack, 2007). Meristemoid division activity was higher in both
conditions, indicating that meristemoid divisions, at least partially, account for this recovery.
Intriguingly though, when examining mannitol-treated plants, this higher meristemoid divi-
sion activity did not appear to be reflected in stomatal indices, which are greatly reduced.
This could be explained by a modulation of the number of amplifying divisions, allowing
meristemoids to generate many pavement cells through repeated asymmetric amplification
divisions, before finally differentiating into guard cells. Meristemoid longevity was shown to
be under genetic control of MUTE (Pillitteri et al., 2007), and preliminary data suggest that
MUTE expression may be reduced in mannitol-treated leaves. To assess whether this growth
recovery in the epidermis does not create a growth imbalance between different leaf tissues,
the mesophyll was probed for cell division activity, revealing longer cell division in the meso-
phyll at the leaf base. Furthermore, in agreement with the model in which the epidermis is the
tissue driving leaf growth (Savaldi-Goldstein et al., 2007; Marcotrigiano, 2010), we propose
that extra divisions in the epidermis also allow for more cell expansion in the internal tissues,
thereby ensuring a balance in growth between the different cell layers of the leaf.
Ethylene arrests cell proliferation through posttranscriptional control
Transcriptome analysis revealed a rapid up-regulation of ethylene biosynthesis and signaling
genes in fully proliferating leaves upon osmotic stress perception, consistent with increased
ACC levels measured in complete shoots. These findings make ethylene a good candidate to
mediate cell cycle arrest. In support of this role, exogenous ACC or inducible activation of
ethylene production in ACS5:IOE plants reduced cell numbers, but remarkably did not affect
cellular differentiation. Also in support of a role for ACC in mediating stress-related growth
inhibition, the combined ACC and mannitol treatment had no additive effect when compared
to ACC or mannitol alone. Furthermore, ein5-1 and etr1-3, two ethylene-insensitive mutants,
were partially resistant to leaf growth inhibition by osmotic stress. These findings are in
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agreement with the work of Sobeih et al. (2004) demonstrating that mild drought increases
leaf ethylene evolution and thereby inhibits leaf growth in tomato (Solanum lycopersicum),
although expanding leaves were studied. The authors suggested ACC as the primary root-
borne signal responsible for inhibiting leaf growth, whereas ABA would be responsible for
drought responses in mature leaves. We also found no evidence for ABA signaling in the
stress response of proliferating leaves. Moreover, only ACO2, encoding an ACC oxidase, but
none of the genes encoding ACC synthases were upregulated in proliferating leaves, leaving
the possibility that also in Arabidopsis ACC might be a mobile root-borne signal mediating
reduction in cell proliferation activity in response to stress, although we cannot rule out the
possibility that it might be synthesized in other parts of the shoot and then transported to
proliferating leaves.
At the level of the cell cycle machinery, both osmotic stress and ACC reduced CDKA ac-
tivity already 10 h after stress onset. A decrease in CDKA activity upon stress had been
reported previously for leaves of wheat (Schuppler et al., 1998) and maize (Granier et al.,
2000) and for Arabidopsis roots (West et al., 2004), making it a primary target of stress-
mediated cell cycle arrest. This would affect both the G1-to-S and the G2-to-M transitions,
which explains why no arrest at a specific stage was found. Importantly, the absence of spe-
cific up-regulation of transcripts encoding cell cycle inhibitors belonging to the ICK/KRP
and/or SIAMESE family and the finding that changes in cell division precede effects on cell
cycle-related transcripts strongly suggest that ethylene arrests cell proliferation and CDKA
activity by a post-transcriptional mechanism. Importantly, the observation that the leaf
growth reduction caused by both mannitol and ACC was not relieved in the ein3 mutant
demonstrated that cell cycle arrest can be mediated through a branch of ethylene signal-
ing independent of EIN3 transcriptional control, similar to the rapid inhibition of hypocotyl
elongation in seedlings exposed to ethylene (Binder et al., 2004). Moreover, the lack of a
growth phenotype in ein3 but clear relief of cell cycle arrest in the ein5-1 mutant, situated
up-stream of EIN3 and controlling its stability (Olmedo et al., 2006; Potuschak et al., 2006),
hints at still unknown roles of the EIN5/XRN4 endoribonuclease in the ethylene signaling
pathway. Besides EIN5, another good candidate to regulate cell cycle arrest independently of
EIN3 would be the MKK9-MPK3/MPK6 MAPK cascade or still unidentified MAPKs that
might be implicated in ethylene signaling, although their precise role is still under debate (Xu
et al., 2008; Yoo et al., 2008; Hahn and Harter, 2009). In support of this possibility, the mkk9
mutant was partially resistant to growth inhibition by ACC and mannitol, but the latter was
not significant, possibly due to redundancy with other MAPK kinases.
In summary, we present evidence for the involvement of ethylene in cell cycle arrest upon
stress sensing in an EIN3-independent manner and through a posttranscriptional cascade that
regulates CDKA activity. While the role of ethylene in growth regulation is well established,
the link to cell cycle arrest upon stress is, to our knowledge, novel.
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Multiple signals act together to pause-or-stop cell cycle under osmotic stress
The finding that cell cycle arrest and onset of differentiation following osmotic stress are
regulated by different mechanisms, together with the fact that the early cell cycle arrest is
brought about entirely by posttranscriptional means, led us to hypothesize that this arrest
is reversible, and becomes irreversible only once cells start to differentiate. To test this
hypothesis, we exposed plants to stress for a limited time after which it was relieved, showing
that cell cycle arrest caused by stress that persists for 24 h or less could be fully overcome,
while stress that persists for 48 h could be only partially overcome. We propose a model
(Figure 9) in which stress causes ethylene to very quickly and reversibly pause cell division
in a fraction of cells, but these cells are kept in an ambivalent state allowing them to quickly
recover when the environmental conditions improve. However, when the stress persists, cells
are irreversibly pushed into differentiation, thereby removing their potential for proliferation,
in a process probably mediated by DELLA proteins (H.C., A.S., and D.I., unpublished results;
see Chapter 4). Nonetheless, even when the cell division zone has completely disappeared,
there is still some capacity to compensate for the reduced cell numbers even in the leaves
that experience continuous stress, most likely through meristemoid division activity that
Figure 9: Simplified scheme depicting the regulation of cell cycle inhibition and cell
differentiation in response to osmotic stress. Very rapidly (within hours) after stress imposi-
tion, ethylene (C2H4) production is triggered, inhibiting CDKA activity through a posttranscriptional
mechanism that reversibly inhibits the cell cycle by G1/S and G2/M arrest. Cell cycle arrest is in-
dependent of EIN3 transcriptional control and possibly mediated by a MAPK signaling pathway or
the ribonuclease EIN5. In a later phase, a different signal leads to permanent inhibition and exit from
the mitotic cell cycle in favor of the endocycle and cell differentiation. Later in leaf development,
meristemoid division activity becomes higher in stressed leaves and the enhanced meristemoid division
results in a small increase in cell numbers.
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might account for an important portion of cell division especially at the later stages of leaf
development (Andriankaja et al., 2012). This leads to more epidermal cells sustaining larger
leaves, while the number of stomata and thereby transpiration losses are not increased. In a
rapidly changing environment, such a mechanism of fast, but reversible, modulation of growth
is without a doubt essential for plants to maintain a balance between growth and survival.
Materials and methods
Plant growth
Seedlings of Arabidopsis thaliana (L.) Heyhn. ecotype Columbia-0 (Col-0) were grown in vitro
in half-strength Murashige and Skoog medium (Murashige and Skoog, 1962), supplemented
with 1% sucrose under a 16-h day (110 µmol m−2 s−1) and 8-h night regime. Plates were
overlaid with nylon mesh (Prosep, Zaventem, Belgium) of 20 µm pore size to avoid that roots
grew into the medium. Depending on the experiment, 32 or 64 seeds were equally distributed
on a 150-mm diameter plate. Mutant plants were grown together with their wild-type controls
on the same plate.
Stress and chemical treatments
At 9 DAS, when the third leaf is fully proliferating, seedlings were transferred to plates
containing control medium or medium supplemented with 25 mM mannitol (Sigma-Aldrich)
or 5 µM ACC (Sigma-Aldrich) by gently lifting the nylon mesh with forceps. For the CDKA
activity assay the transfer was done at 11 DAS; at this stage, the third leaf is still dividing
and can be quickly harvested without the need for RNAlater solution (see below) that would
inhibit CDKA activity. All transfers were performed 2-3 h into the day.
Growth analysis
Growth analysis was performed on the third true leaf harvested at different time points after
transfer. After clearing with 70% ethanol, leaves were mounted in lactic acid on microscopic
slides. For each experiment, 8-12 leaves were photographed with a binocular, and epidermal
cells (40-300) were drawn for four representative leaves with a DMLB microscope (Leica)
fitted with a drawing tubus and a differential interference contrast objective. Photographs
of leaves and drawings were used to measure leaf and cell area, respectively, with ImageJ
v1.41o (NIH; http://rsb.info.nih.gov/ij/), from which the cell numbers were calculated.
The stomatal index was defined as the percentage of stomata per all cells. For the kinematic
analysis ln-transformed means of leaf area, cell size, and cell number were locally fitted to a
quadratic function of which the first derivative was taken as the relative growth, expansion,
and division rate, respectively (De Veylder et al., 2001).
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Sampling for expression analysis
Leaf 3 was harvested from plants at 1.5, 3, 12, and 24 h. Briefly, whole seedlings were harvested
in an excess of RNAlater solution (Ambion) and, after overnight storage at 4◦C, dissected
under a binocular microscope on a cooling plate with precision microscissors. Dissected leaves
were transferred to a new tube, frozen in liquid nitrogen, and ground with a Retsch machine
and 3-mm metal balls. Samples were obtained from three independent biological experiments
and from multiple plates within the experiment.
RNA extraction
RNA was extracted with TriZol (Invitrogen) according to the manufacturer’s instructions
with 4 µg of glycogen as carrier during the precipitation step. RNA samples were subjected
to DNA digestion with RNase-free DNase I (Roche) and subsequently cleaned up with the
RNeasy Mini Kit (Qiagen).
ATH1 expression profiling and data analysis
RNA samples were hybridized to single Affymetrix ATH1 Genome arrays at the VIB Mi-
croarray Facility (Leuven, Belgium). Expression data were processed with Robust Multichip
Average (RMA) (background correction, normalization, and summarization) as implemented
in BioConductor (Irizarry et al., 2003a,b; Gentleman et al., 2004). An alternative cdf (”tine-
sath1cdf”) was used, in which each probe is uniquely assigned to one transcript (Casneuf
et al., 2007) (http://www.bioconductor.org/packages/release/data/experiment/html/
tinesath1cdf.html). The BioConductor package Limma was used to identify differentially
expressed genes (Smyth, 2004). For comparisons of interest, moderated t statistics were cal-
culated using the eBayes function and p-values were corrected for multiple testing for each
contrast separately using topTable. False-discovery rate (FDR)-corrected p-value < 0.05 was
used as a cut-off (Benjamini and Hochberg, 1995).
Flow cytometry
For flow cytometry analysis, nuclei were extracted by chopping 4-32 leaves with a razor blade
in 1 ml of 45 mM MgCl2, 30 mM sodium citrate, 20 mM 3-(N-morpholino)propanesulfonic
acid, pH 7, and 1% Triton X-100 (Galbraith et al., 1983). From a stock of 1 mg/mL 4,6-
diamidino-2-phenylindole (DAPI), 1 µL was added to the filtered supernatant. The nuclei
were analyzed with a CyFlow flow cytometer with the FloMax Software (Partec).
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CDKA activity assay
Total soluble protein was extracted from 50 leaves by adding extraction buffer (Van Leene
et al., 2007) to ground samples, followed by two freeze-thaw steps and two centrifugation steps
(20,817g, 10 min, 4◦C), whereby the supernatant was collected each time. Equal amounts of
total protein were incubated with p9CKS1Hs-sepharose beads (De Veylder et al., 1997) and ki-
nase assays were performed as described (De Veylder et al., 1997) with histone H1 as CDK sub-
strate. To correct for the amount of CDKA protein purified by p9CKS1Hs-sepharose beads,
an aliquot of each sample was used for protein gel blot analysis with primary rabbit anti-
PSTAIRE antibodies (Santa Cruz) (diluted 1:5000) and a secondary horseradish peroxidase-
conjugated donkey anti-rabbit antibodies (GE-Healthcare) (diluted 1:10,000). Proteins were
detected by chemiluminescence (Western Lightning Plus ECL, PerkinElmer Life Sciences).
CDK activity and CDKA amount were quantified with ImageJ v1.41o. Control samples were
arbitrarily set at 100%.
Comparison to publicly available microarray data
Selected publicly available microarray data were grouped according to experiment type (such
as abiotic stress and hormone treatment) (Supplemental Table 2). Groups of experiments were
RMA-processed and subjected to Limma analysis, as described above. Sets of responsive genes
were delineated always with a 2-fold expression change and FDR-corrected p-value < 0.05
cut-offs. Although these cut-offs were chosen somewhat arbitrarily, we assessed the robustness
of the results by testing more and less stringent cut-offs. All tests gave very similar results.
The lists of responsive genes were compared to those identified in our microarray experiment
to identify global trends in the functional repertoire of the affected genes that were used as
hints to explore the results in more detail. Overrepresentation was tested by means of Fisher
exact tests followed by Bonferroni p-value correction.
qRT-PCR
For cDNA synthesis, 100 ng to 2 µg of RNA was used with the SuperScript Reverse III
reagent (Invitrogen) according to the manufacturer’s instructions. Primers were designed
with the QuantPrime website (Arvidsson et al., 2008). qRT-PCR was done on a LightCy-
cler 480 (Roche Diagnostics) in 384-well plates with LightCycler 480 SYBR Green I Master
(Roche) according to the manufacturer’s instructions. Melting curves were analyzed to check
primer specificity. Normalization was done against the average of housekeeping genes UBQ10,
GAPDH, and CBP20; ∆Ct = Ct (gene) - Ct (mean (housekeeping genes)) and ∆∆Ct =
∆Ct(control) – ∆Ct(mannitol). ∆Ct values for the three biological replicates were used for
statistical analysis. Ct refers to the number of cycles at which SYBR Green fluorescence
reaches an arbitrary value during the exponential phase of the cDNA amplification.
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Nanostring
mRNA expression levels were measured using an nCounter Analysis System (NanoString
Technologies) by the VIB MicroArray Facility (http://www.microarrays.be) as described
(Geiss et al., 2008). Total RNA extract (100 ng) was hybridized. Gene expression was mea-
sured simultaneously for all genes in multiplexed reactions. The nCounter code set contained
probe pairs for 100 Arabidopsis genes (for the full list, see Supplemental Table 3). The data
were normalized by a two-step procedure with internal spike-in controls and the three most
stable reference genes included in the probe set (CDKA1, UBC, and CBP20).
Quantification of ACC
Freeze-dried samples were dissolved in 500 µl of methanol, including two internal standard
compounds (4 µM methionine sulfone used for compensation of the peak area after capillary
electrophoresis-mass spectrometry (CE-MS) analysis and 0.2 µM D4-ACC for quantification
of ACC. After addition of 500 µl of chloroform and 200 µl of water, the mixture was vortexed
for 3 min and centrifuged at 20,400g for 3 min at 4◦C. The upper layer was evaporated for
30 min at 45◦C by a centrifugal concentrator and then separated into two layers. The upper
layer (100-200 µl) was centrifugally filtered through a Millipore 5-kD cutoff filter at 9,100g
for 90 min. The filtrate was dried for 120 min by a centrifugal concentrator. The residue was
dissolved in 10 µL of water containing a reference compound (3-aminopyrrolidine). The final
solution (10 µL) was used to quantify the contents of ACC by cation analysis using CE-MS.
The CE-MS system and conditions were as described (Watanabe et al., 2008).
GUS staining
Whole plantlets were incubated in heptane for 10 min, washed in 100 mM Tris-HCl/50 mM
NaCl (pH 7.0), and subsequently incubated in 5-bromo-4-chloro-3-indolyl-β-D-glucuronide
(X-Gluc) buffer [100 mM Tris-HCl/50 mM NaCl buffer (pH 7.0), 2 mM K3[Fe(CN)6] and 4
mM X-Gluc]) at 37◦C for 24 h. Seedlings were washed in 100 mM Tris-HCl/50 mM NaCl (pH
7.0) and cleared overnight in 90% lactic acid. Samples were photographed with a differential
interference contrast microscope (Leica).
Meristemoid division activity measurements
Leaf 3 was cut from CYCB1;1:DBox-GUS plants at several time points in three independent
biological replicates and stained as described above. Using a differential interference contrast
microscope (Leica), stained meristemoids were counted in a fixed area near the leaf tip,
where all normal cell proliferation had ceased, for 6-12 leaves per experiment. Relative values
(compared to control samples) were calculated for each experiment separately and averaged
over the replicates.
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Transgenic lines and mutants
Seeds of ACS5-inducible overexpressing lines were kindly provided by J. Ecker (SALK In-
stitute, CA, USA). EBF1-overexpressing plants were kind gifts of T. Potuschak (CNRS,
Strasbourg, France). Ethylene-insensitive mutants were obtained from the Arabidopsis Seed
Stock Center (ein2-5 [N8844], ein3-1 [N8052], etr1-3 [N3070], and ein5-1 [N8053; previously
annotated as ein4 ]). All transgenic lines and mutants are in Col-0 background.
Accession numbers
Microarray data were deposited in the GEO database (GSE22107).
Supplemental data
All Supplemental Data is listed below. Supplemental Figures can be found at the end of
the chapter. The Supplemental Tables are available in the online version of this article
(http://www.plantcell.org/content/23/5/1876/suppl/DC1).
Supplemental Figure 1. Analysis of leaf 3 dissected from plants left to grow (no transfer) or
transferred to control media at 9 DAS.
Supplemental Figure 2. Effects of stress during a limited period on proliferating leaves.
Supplemental Figure 3. Expression of selected genes from microarray analysis validated with
nCounter technology in three independent experiments (see Supplemental Table S3).
Supplemental Figure 4. Differential transcripts (FDR<0.05) identified by ATH1 microarray
analysis used to generate Venn diagrams (separate for up- and down-regulated genes).
Supplemental Figure 5. PageMan analysis of the biological processes.
Supplemental Figure 6. Representative blot photos used to quantify CDKA activity.
Supplemental Figure 7. Ethylene effects on leaf growth.
Supplemental Figure 8. Percent reduction in leaf area of the 3rd leaf of mkk9 mutants treated
with mannitol and ACC versus wild-type plants.
Supplemental Table 1. Expression data for the mannitol treatment.
Supplemental Table 2. Comparison with publicly available expression datasets.
Supplemental Table 3. List of nCounter probes.
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Supplemental Figure S1. Analysis of leaf 3 dissected from plants left to grow (no transfer)
or transferred to control media at 9 DAS. (A) Leaf area. (B) Ploidy analysis. EI, endoredu-
plication index. (C) qRT-PCR analysis of selected stress- and cell cycle-related genes. Transfer, in
contrast to mannitol, did not affect gene expression. Data ± SE are means of three independent
experiments. Leaf area and ploidy were measured for 8-10 leaves. Approximately 60 leaves were
microdissected for the expression analysis.
Supplemental Figure S2. Effects of stress during a limited period on proliferating leaves.
Plants were transferred back to control plates after 10h (10M), 24h (24M) or 48h (48M), or kept on
mannitol plates (M). Data ± SE are means of three independent experiments.
Supplemental Figure S3. Expression of selected genes from microarray analysis validated
with nCounter technology. Data are expressed as the average log2 of fold change (mannitol-control)
over three independent experiments (see Supplemental Table S2).
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Supplemental Figure S4. Differential transcripts (FDR < 0.05) identified by ATH1 mi-
croarray analysis. (A) Venn diagrams showing overlap between different time points (separate for
up- and down-regulated genes). Green indicates 1.5h, yellow 3h, blue 12h and red 24h. (B) K-means
clustering analysis (k = 10).
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Supplemental Figure S5. PageMan analysis of the biological processes over- (blue) or un-
derrepresented (red) among down- and up-regulated transcripts at different time points
after stress onset.
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Supplemental Figure S6. Representative blots used to quantify CDKA activity. (A)
CDKA activity at 10 h and 24 h after transfer to control, mannitol-, or ACC- containing media. H1
was used as a phosphorylation substrate to quantify CDKA activity. CDKA abundance estimated by
protein gel blot was used to normalize the data. (B) CDKA activity 10h after transfer to ACC in
wild type (WT) and ethylene insensitive mutants.
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Supplemental Figure S7. Effects of ethylene on leaf growth. (A) Expression changes of cell
cycle genes quantified by qRT-PCR in the 3rd proliferating leaf microdissected from plants transferred
to control, mannitol-, or ACC-containing media. Data are presented as the log2 of fold change (control-
mannitol or control-ACC). Asterisk indicates transcripts that significantly differed between mannitol
and ACC treatment. (B) Ploidy analysis measured in the 3rd leaf of plants harboring the inducible
ACS5 construct (ACS5:IOE5) transferred to control medium and media containing dexamethasone
(+DEX), mannitol, or DEX and mannitol at 9 DAS. (C) Ploidy analysis in the ein5 mutant under
control and stress conditions. EI, endoreduplication index.
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Supplemental Figure S8. Percent reduction in leaf area of the 3rd leaf of mannitol-
(A) and ACC- (B) treated mkk9 mutants versus wild-type (WT) plants. Data ± SE are
means of two independent experiments. Leaf area was measured for a minimum of 8-10 leaves in each
experiment.
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Drought is responsible for considerable yield losses in agriculture due to its detri-
mental effects on growth. Drought responses have been extensively studied, but
mostly on the level of complete plants or mature tissues. However, stress re-
sponses were shown to be highly tissue- and developmental stage-specific, and
dividing tissues have developed unique mechanisms to respond to stress. Previ-
ously, we studied the effects of osmotic stress on dividing leaf cells in Arabidopsis
(Arabidopsis thaliana), and found that stress causes early mitotic exit, in which
cells end their mitotic division and start endoreduplication earlier. In this study
we analyzed this phenomenon in more detail. Osmotic stress induces changes in
gibberellin (GA) metabolism, resulting in stabilization of DELLAs, which are re-
sponsible for mitotic exit and earlier onset of endoreduplication. Consequently,
this response is absent in mutants with altered GA levels or DELLA activity.
Mitotic exit and onset of endoreduplication do not correlate with an upreg-
ulation of known cell cycle inhibitors, but are the result of reduced levels of
DP-E2F-LIKE1 (DEL1)/E2FE and UVI4, both inhibitors of the developmental
transition from mitosis to endoreduplication by modulating anaphase-promoting
complex/cyclosome (APC/C) activity, which are downregulated rapidly follow-
ing DELLA stabilization. This work fits into an emerging view of DELLAs as
regulators of cell division by regulating the transition to endoreduplication and
differentiation.
Introduction
Abiotic stresses, such as drought, have long been known to inhibit plant growth and thereby
decrease crop productivity. This growth inhibition is an active response to stress, but little
is currently known on how this is brought about (Skirycz and Inze´, 2010). Recently, it has
become evident that tolerance to stress, which has been extensively studied in the past, relies
on different mechanisms than growth inhibition by stress, and that specific experimental
set-ups have to be developed to investigate stress-induced growth inhibition (Skirycz et al.,
2011b).
Organ growth is driven by both cell proliferation and cell expansion, in the case of Ara-
bidopsis (Arabidopsis thaliana) leaf growth occurring sequentially in time. Initially, all cells
in the leaf primordium are dividing but, later in development, cell division ceases from the
tip to the base of the leaf, resulting in a cell cycle arrest front moving across the leaf (Don-
nelly et al., 1999; Kazama et al., 2010; Andriankaja et al., 2012). This transition from cell
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proliferation to cell expansion is accompanied by a switch from the mitotic cell cycle to en-
doreduplication, during which the genome is replicated, but mitosis does not occur, leading
to cells with higher ploidy levels (Beemster et al., 2005). The current view is that this de-
velopmental transition from mitosis to endocycle, or mitotic exit, is triggered by a decrease
in mitotic (B-type) cyclin-dependent kinase (CDK) activity (De Veylder et al., 2007; Breuer
et al., 2010). This can occur through upregulation of cell cycle inhibitors such as Kip-related
protein 2 (KRP2) (Verkest et al., 2005) and SIAMESE (SIM), which has been shown to
control endoreduplication in Arabidopsis trichomes (Churchman et al., 2006) and can inter-
act with CDKB/cyclin complexes (Van Leene et al., 2010). Another major pathway is the
control of anaphase-promoting complex/cyclosome (APC/C) activity through its activating
CELL CYCLE SWITCH PROTEIN 52A (CCS52A) subunits, which positively regulate en-
doreduplication (Lammens et al., 2008) by targeting mitotic cyclins for destruction (Boudolf
et al., 2009; Kasili et al., 2010). Activation of APC/C by CCS52A proteins is counteracted
by UVI4 (Hase et al., 2006; Heyman et al., 2011; Iwata et al., 2011). Upstream, the atypical
E2F-like protein DEL1/E2FE represses the expression of CCS52A genes, thereby delaying
the developmental onset of endoreduplication (Lammens et al., 2008). Regulation of DEL1
transcription is less clear, although recently it was shown that the classical E2Fs E2Fb and
E2Fc antagonistically regulate DEL1 transcription, thereby controlling endoreduplication in
the hypocotyl in response to light (Berckmans et al., 2011), while UVI4 expression is also
activated by E2Fa and E2Fb (Heyman et al., 2011). Endoreduplication generally correlates
with cell expansion and differentiation, but its physiological role is still under debate, and is
likely tissue- and stimulus-specific (De Veylder et al., 2011). One intriguing hypothesis is that
endoreduplication ensures cell fate maintenance by preventing dedifferentiation (Bramsiepe
et al., 2010).
When plants are confronted with limited water availability, both cell proliferation and cell
expansion are affected, leading to smaller leaves composed of less and smaller cells (Schuppler
et al., 1998; Granier and Tardieu, 1999; Aguirrezabal et al., 2006; Skirycz et al., 2010, 2011a).
Previously, we could show that when stress hits during the proliferation phase, cell division
is first reversibly arrested in a post-transcriptional manner by ethylene signaling resulting in
a reduction of CDKA activity (Skirycz et al., 2011a). CDKA is the main driver of the cell
cycle, and is involved in both the G1-to-S and G2-to-M transitions (Inze´ and De Veylder,
2006). When the stress persists, cells start the transition to cell expansion by exiting the
mitotic cell cycle in favor of endoreduplication. Here, we show that this process is dependent
on gibberellin signaling.
Gibberellins (GAs) are a class of diterpenoid hormones which are involved in various processes
throughout the plant life cycle, including seed germination, vegetative growth, bolting and
flowering, and stress response (Achard et al., 2006; Sun, 2008). Regulation of GA levels oc-
curs at both biosynthesis, through GA 20-oxidases (GA20OX) and GA 3-oxidases (GA3OX),
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and degradation, which is mainly catalyzed by GA 2-oxidases (GA2OX). All these enzymes
occur in small families in Arabidopsis, and have tissue-specific expression patterns (Mitchum
et al., 2006; Rieu et al., 2008a,b), allowing for a tight temporal and spatial control of GA
levels. GA signaling occurs by binding of GA to its receptor, GA INSENSITIVE DWARF1
(GID1), leading to the formation of a complex with DELLA proteins, transcriptional reg-
ulators that inhibit GA responses in the absence of GA. This results in recognition and
degradation of DELLA proteins by an SCF complex with SLEEPY1 (SLY1) or SNEEZY
(SNE)/SLY2 as the F-box components (Dill et al., 2004; Fu et al., 2004; Ariizumi et al.,
2011). DELLA activity is also regulated through non-proteolytic means by phosphorylation,
although its effects on DELLA activity are still under debate (Sun, 2010), and by the action of
the N-acetylglucosamine (GlcNAc)-transferase SPINDLY (SPY), which directly or indirectly
activates DELLAs (Jacobsen and Olszewski, 1993; Silverstone et al., 2007).
DELLAs are thought to be responsible for all GA responses, which are very pleiotropic. As a
result, DELLAs have the potential to induce very different transcriptomes, depending on the
tissue, developmental stage and stimulus that is studied, with only a small core involved in
feedback regulation being conserved (Ogawa et al., 2003; Cao et al., 2006; Nemhauser et al.,
2006; Zentella et al., 2007; Achard et al., 2008b; Hou et al., 2008; Gonzalez et al., 2010).
As DELLAs have no DNA-binding domain, they function by interacting with and thereby
inhibiting a wide array of other transcription factors, such as PHYTOCHROME INTERACT-
ING FACTOR 3 (PIF3), PIF4, SPATULA (SPT), JASMONATE-ZIM DOMAIN PROTEIN
1 (JAZ1), and SCARECROW-LIKE 3 (SCL3) (de Lucas et al., 2008; Feng et al., 2008; Hou
et al., 2010; Josse et al., 2011; Zhang et al., 2011). DELLAs can also activate transcription
through association with DNA as shown by ChIP analysis (Zentella et al., 2007), and this
most likely occurs through interaction with yet unknown DNA-binding factors. Arabidopsis
contains 5 DELLAs (REPRESSOR OF ga1-3 [RGA], GIBBERELLIC ACID INSENSITIVE
[GAI], RGA-LIKE1 [RGL1], RGL2, and RGL3) that are to some extent functionally divergent
mainly due to their expression patterns (Gallego-Bartolome´ et al., 2010), with for instance
RGA and GAI being the most important for regulation of vegetative growth (Dill et al., 2001).
DELLAs have been shown to contribute to growth inhibition by various abiotic and biotic
stresses (Achard et al., 2006, 2008a; Magome et al., 2008; Navarro et al., 2008). Earlier
reports also showed that various stresses can induce cell cycle inhibitors of the CDK inhibitor
(ICK)/KRP or SIM family, and thereby arrest the cell cycle (Wang et al., 1998; Pettko´-
Szandtner et al., 2006; De Veylder et al., 2007; Peres et al., 2007). Furthermore, DELLAs
appear to be able to control cell proliferation rates by regulating KRP2, SIM, SIAMESE-
RELATED 1 (SMR1 ) and SMR2 transcription (Achard et al., 2009). However, our results
suggest that while stress-induced mitotic exit of proliferating cells is fully DELLA-dependent,
it is not a result of elevated cell cycle inhibitor levels, but mitotic exit is rather regulated by
modulation of APC/C activity through DEL1 and UVI4.
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Results
DELLA stabilization is first observed 24 hours after stress onset
Studying how osmotic stress affects proliferating cells in an organ requires a specific set-up,
as described previously (Skirycz et al., 2011a). In short, plants are grown on nylon meshes
overlaying control medium until nine days after stratification (DAS), when all cells of the
third true leaf are still dividing. The meshes are then transferred to either control medium
or medium containing 25 mM mannitol, thus causing acute, yet mild stress to proliferating
cells. For all further analyses the third leaf is microdissected or cut from the plant at different
time points following stress onset. Transcriptome analysis was performed on microdissected
leaves harvested at different time points after stress onset (Skirycz et al., 2011a). In this
experiment we found changes in GA metabolism genes after 24 hours, with the respective
down- and upregulation of the biosynthesis gene GA3OX1 and the catabolism gene GA2OX6,
which could be confirmed by quantitative PCR (qPCR) (Figure 1A). Remarkably, these were
the only genes involved in GA metabolism that were stress-responsive (data not shown).
In agreement with the effects on GA metabolism, amongst genes differentially regulated in
proliferating leaves 24 hours after transfer to mannitol, there was an overrepresentation of
genes known to be regulated by DELLAs in response to biotic stress (flg22; Navarro et al.,
2008) and salt stress (Achard et al., 2008b), providing further evidence for higher DELLA
activity at this time point (Figure 1B). Therefore, we investigated the abundance of RGA by
western blot on leaves of RGA::GFP-RGA plants. In accordance with the observed transcript
changes, exposure of plants to osmotic stress caused a small but significant stabilization of
GFP-RGA after 24 hours, and this persisted after 48 hours (Fig 1C). In samples taken 3 and 12
hours after transfer no stabilization could be detected, confirming that DELLA accumulation
is a relatively late event.
DELLAs trigger mitotic exit
As timing of DELLA accumulation fitted well with the timing of mitotic exit and early
onset of endoreduplication, we wanted to further explore this event and investigate whether
DELLAs could be causative. To confirm that the earlier onset of endoreduplication was due to
proliferating cells exiting mitosis and entering endoreduplication, we cut leaves in half at stages
where the bottom half was still proliferating, while the top half had already begun expanding
(Andriankaja et al., 2012), and measured ploidy levels of both halves. This confirmed that
upon mannitol treatment, the main changes are found in the bottom half (Supplemental
Figure 1). In control leaves, high levels of 4C mitotic nuclei sharply drop as the proliferation
zone collapses and then go up again after a small pause as endoreduplication starts. In
mannitol-treated leaves endoreduplication starts earlier, confirming that the changes we see in
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Figure 1: Osmotic stress affects GA metabolism and DELLA levels. (A) Levels of the GA
biosynthesis gene GA3OX1 and the GA catabolic gene GA2OX6 at 24 h after transfer to mannitol.
Data are expressed relative to control samples. Error bars indicate SE (n = 3). (B) Relative over-
representation of genes with DELLA-dependent regulation in response to flg22 (Navarro et al., 2008)
or salt (Achard et al., 2008b) among genes differentially expressed in proliferating leaves after 24 h
of mannitol treatment, where the expected number of genes in the overlap was set to 1. (C) Levels
of GFP-RGA in fully proliferating leaves determined 12, 24, and 48 h after transfer to mannitol-
containing plates. Data are presented as levels of GFP-RGA from samples subjected to osmotic stress
(M) relative to GFP-RGA levels in control samples (C) at each time point. Error bars indicate SE (n
= 3). Significant differences (P < 0.05; two-tailed Student’s t-test) are indicated with asterisks.
Figure 2: Effects of PAC on cell number, ploidy levels, and CYCB1;1 expression. (A)
Reduction in leaf abaxial epidermal cell number 48 h after transfer to PAC-containing medium com-
pared with transfer to control medium. (B) Effects of PAC on the G2/M marker CYCB1;1 by GUS
staining of CYCB1;1:DBox-GUS plants. Bar = 0.5 mm. (C) Endoreduplication index over time of
the third leaf from plants transferred at 9 DAS to PAC-containing or control medium. Error bars
indicate SE (N = 3).
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the endoreduplication index are due to proliferating cells ceasing proliferation. To investigate
the effects of DELLAs on mitotic exit, we first exposed plants to paclobutrazol (PAC), a
chemical that stabilizes DELLAs by inhibiting GA biosynthesis. Transfer of seedlings to
PAC led to cell cycle arrest, as shown by reduced cell numbers (Figure 2A), and triggered
early differentiation, manifested by weaker and patchy CYCB1;1::DBox-GUS staining (Figure
2B), which stains mitotic cells at the G2-to-M transition (Colo´n-Carmona et al., 1999) and
earlier endoreduplication onset as demonstrated by ploidy measurements (Figure 2C). This
chemical treatment was confirmed by mutant analysis. To avoid pleiotropic effects, we selected
mutants with altered GA levels or DELLA activity that showed relatively limited growth
phenotypes under normal conditions: q-ga2ox, a quintuple knock-out for five GA 2-oxidases,
resulting in higher GA levels (Rieu et al., 2008b); spy-3, a weak loss-of-function allele of the
DELLA activator SPY (Jacobsen and Olszewski, 1993; Silverstone et al., 2007); the double
DELLA loss-of-function mutant rga-28 gai-2 ; and ga3ox1-3, in which the major GA 3-oxidase
responsible for GA biosynthesis in vegetative tissues is inactive, resulting in lower GA levels
(Mitchum et al., 2006). q-ga2ox, spy-3 and rga-28 gai-2 mutants showed a similar cell
number reduction by mannitol compared to wild type (WT) (Supplemental Figure S2, A-C).
Cell number reductions were quite variable between experiments, which is why care was taken
to always compare to a WT grown in the same experiment. Measurement of ploidy levels
however showed that the early differentiation caused by mannitol was completely abolished
in these mutants (Figure 3, A-D). Surprisingly, while cell proliferation was more inhibited in
the ga3ox1-3 mutant (Supplemental Figure S2D), this mutant also lacked mannitol-induced
early differentiation (Figure 3E). Importantly, none of the mutants, except for rga-28 gai-2,
exhibited altered ploidy levels under standard conditions (Supplemental Figure S3). Further
confirmation came from 35S::gai-GR lines, which overexpress a non-degradable variant of the
DELLA protein GAI fused to the rat glucocorticoid receptor, rendering gai activity inducible
by dexamethasone (DEX), which allows migration of the fusion protein to the nucleus where
it can be active. Although also under control conditions both the complete plants and the
third leaf are smaller than WT (Figure 4A), the relative growth rate of the third leaf is
similar during the developmental stages studied here (Figure 4B). Upon induction with DEX,
growth rates are drastically reduced (Figure 4B), and a reduction in epidermal cell number is
apparent (Figure 4C). Importantly, early endoreduplication is observed, similar to WT plants
treated with mannitol (Figure 4D). This phenotype is also already apparent, albeit to a lesser
extent, without DEX, either due to leakiness of the construct or a cytosolic function of GAI.
Mitotic exit correlates with APC/C modulators but not with expression of
cell cycle inhibitors
As DELLAs were previously shown to control transcription of KRP2, SIM, SMR1, and SMR2
(Achard et al., 2009), these were obvious targets to explain the mitotic exit. However, in our
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Figure 3: Mannitol-induced early onset of endoreduplication is absent in GA/DELLA
mutants. Plants were transferred to mannitol-containing medium (black lines) or control medium
(gray lines) at 9 DAS, and ploidy levels were measured daily. (A) A representative wild type. (B) spy-
3. (C) q-ga2ox (ga2ox1-1 ga2ox2-1 ga2ox3-1 ga2ox4-1 ga2ox6-2 ). (D) rga-28 gai-2. (E) ga3ox1-3.
EI, Endoreduplication index. Error bars indicate SE (N = 3).
Figure 4: Analysis of 35S::gai-GR plants. (A) Morphology of wild-type (top), noninduced
(middle), and DEX-induced (bottom) 35S::gai-GR plants at 13 DAS (96 h after transfer to DEX).
Bar = 1 cm. (B) Average relative growth rate (RGR) of the third leaf between 10 and 16 DAS of
wild-type (black), noninduced 35S::gai-GR (green), and DEX-induced 35S::gai-GR (red) plants. (C)
Cell number of the third leaf 48 h after transfer (11 DAS). Color coding is the same as in B. (D)
Endoreduplication index (EI). Error bars indicate SE (N = 3 in all panels).
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previous microarray analysis on mannitol-treated proliferating leaves, none of the known cell
cycle inhibitors were upregulated; some even showed downregulation, as was the general trend
among cell cycle genes 24 hours after stress onset (Skirycz et al., 2011a). These microarray
results were confirmed by qPCR for SIM and SMR1, showing that even 72 hours after stress
onset, when mitotic exit had occurred, the expression remained low (Figure 5A). Similar to
mannitol treatment, in 35S::gai-GR leaves negative cell cycle regulators were downregulated
along with other cell cycle genes only at 12 hours after DEX induction, indicative of a portion
of cells going into mitotic exit (Figure 5B). It rather seems that DELLAs influence endoredu-
plication onset by modulating APC/C activity, as DEL1 /E2FE and UVI4 were significantly
downregulated already 4 hours after DEX induction, preceding downregulation of mitotic
transcripts such as CYCB1;1 and CDKB1;1, which occurred only 12 hours after induction
(Figure 5B). The transcription dynamics of DEL1 were next analyzed in more detail following
DEX induction, showing that DEL1 repression already started 1 hour after gai activation,
and reached a significant level 2 hours after induction, suggesting that this is a primary target
of DELLA signaling (Figure 5C). DEL1 and UVI4 were also downregulated 24 hours after
stress onset, and this persisted at 72 hours (Figure 5A).
Overexpression of DEL1 does not completely abolish early endoreduplica-
tion on stress
If DEL1 downregulation is causative of the observed early mitotic exit following mannitol
treatment, then overexpression of DEL1 is expected to counteract this. We however still
observed an early onset of endoreduplication when DEL1 -overexpressing plants were trans-
ferred to mannitol, although this was not as pronounced as for the WT (Figure 6). Possibly
this is due to functional redundancy with UVI4. Overexpression of UVI4 is most likely lethal
however (Heyman et al., 2011), so this could not be tested.
Discussion
DELLAs control mitotic exit induced by osmotic stress
We previously demonstrated that proliferating tissues respond to stress by exiting mitosis
early in favor of endoreduplication (Skirycz et al., 2011a). This limits the number of cells
that form the organ, and therefore contributes to inhibition of growth by stress. Here, we
showed that mild osmotic stress causes changes in GA metabolism specifically in proliferating
leaf cells. What controls these changes in GA metabolism is currently unknown. In the shoot
apical meristem KNOX I proteins regulate gibberellin levels and thereby proliferation (Hay
and Tsiantis, 2009), but KNOX I transcripts (STM, BP, KNAT2 and KNAT6 ) do not show
changes in response to mannitol, making it unlikely that they are involved here (Skirycz et al.,
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Figure 5: Expression levels of selected cell cycle genes. (A) Gene expression in the third leaf
of wild-type plants harvested 24 and 72 h after transfer to mannitol. (B) Gene expression in the third
leaf of gai-GR plants 4 and 12 h after transfer to DEX. (C) DEL1 expression in gai-GR leaves 1, 2,
4, 12, and 24 h after transfer to DEX. Data are presented as expression levels from samples subjected
to mannitol/DEX relative to control samples at each time point. Error bars indicate SE (N = 3 in all
panels). Significant differences (P < 0.05; two-tailed Student’s t-test) are indicated with asterisks.
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Figure 6: Effect of DEL1 on early differentiation. Ploidy levels in the third leaf of DEL1 -
overexpressing (DEL1OE) plants compared with the wild type (WT) after transfer to mannitol. Error
bars indicate SE (N = 3). EI, Endoreduplication index.
2011a). Another possibility involves CBF-related proteins, which were shown to modulate GA
levels in response to cold stress (Achard et al., 2008a), but these also did not transcriptionally
respond to osmotic stress (Skirycz et al., 2011a). The changes in GA metabolism then result in
DELLA stabilisation, which is responsible for mitotic exit. Consequently, ectopically stabiliz-
ing DELLAs, either through PAC addition or DEX induction of gai-GR, resulted in cell cycle
inhibition and mitotic exit. However, mutants with lower DELLA activity (spy-3, q-ga2ox,
and rga-28 gai-2 ) did not show relief of cell cycle inhibition by osmotic stress. This suggests
that while DELLAs are able to inhibit cell proliferation, they are not a determining factor in
osmotic stress-induced inhibition of cell division, as lower DELLA activity does not release
this inhibition. This is consistent with the model we previously proposed, in which ethylene
arrests the cell cycle rapidly, post-transcriptionally and reversibly (Skirycz et al., 2011a), and
this mechanism is still active in these mutants. Our mutant analysis however confirms that
the mitotic exit and early onset of endoreduplication induced by osmotic stress is regulated by
DELLAs. Interestingly, both the mutants with elevated as well as those with downregulated
DELLA activity lacked the stress-induced earlier onset of cellular differentiation, indicating
that this process is controlled by a fine balance of GA and DELLA activity. This may not be
so uncommon in hormone effects, as for instance a study on the role of an ethylene responsive
factor in flg22-mediated growth inhibition revealed that both mutation and overexpression
had the same effect, leading to the conclusion that it is maintained at an optimal level, and
any deviation tips the fragile signaling balance (Bethke et al., 2009). Similarly, root meristem
size is regulated by a fine balance of brassinosteroid signaling, and modulation of this pathway
in either direction leads to short root phenotypes (Gonza´lez-Garc´ıa et al., 2011). It is also
interesting to note that perturbations of DELLA levels sufficient to disturb the stress-induced
cell differentiation generally do not affect ploidy levels under normal conditions.
DELLAs control cell proliferation by inducing differentiation
Our data fit into a network of emerging evidence that DELLAs are important for the control
of differentiation and mitotic cell numbers, thereby adapting cell production rates and thus
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organ growth. Cell production rates are calculated by expressing the net gain of cells relative
to the total number of cells in the organ, and therefore integrate the fraction of cells that are
dividing and their average division rate or cell cycle duration, both of which could potentially
be modulated to change the cellular output of the organ. In roots the average cell cycle
duration is constant, and changes in cell production rates are mostly due to changes in the
number of dividing cells and thus in the meristem size (Baskin, 2000). Correspondingly,
DELLAs induce cell differentiation in the root, thereby making the root meristem smaller
and thus decreasing cell production rates (Achard et al., 2009; U´beda-Toma´s et al., 2009;
Moubayidin et al., 2010). Recently, the average cell cycle duration in leaves was reported
to be constant throughout leaf development as well, and therefore the observed decrease in
cell production rates during development is the consequence of a decrease in the fraction
of proliferating epidermal cells due to the transition to cell expansion (Kheibarshekan Asl
et al., 2011). Based on kinematic analysis a role for GAs and DELLAs in the control of
cell production rate during leaf development was reported in Arabidopsis (Achard et al.,
2009). Our findings point to GA/DELLA-mediated control of mitotic exit in Arabidopsis
leaves as well, at least under stress conditions. Furthermore, our finding that PAC and
DELLA stabilization induce endoreduplication is in contrast to earlier observations based on
GA addition experiments and mutant analysis showing that GA promotes endoreduplication
in for instance pea (Pisum sativum; Mohamed and Bopp, 1980), Arabidopsis hypocotyls
(Gendreau et al., 1999; Saibo et al., 2003) and tomato (Solanum lycopersicum) fruits (Serrani
et al., 2007). This again suggests that effects of hormones depend greatly on concentration,
tissue or cell type, species, and environmental parameters.
APC/C modulators are key factors downstream of DELLAs in stress-induced
mitotic exit
Previously DELLAs were reported to have the potential to control cell production rates in
Arabidopsis by upregulating KRP2, SIM, SMR1 and SMR2, which block the cell cycle by
inhibiting CDKA activity (Achard et al., 2009). Our data rather suggest that DELLA-induced
mitotic exit rather relies on the modulation of APC/C activity through downregulation of
DEL1 and UVI4. These regulators likely act together, as overexpression of DEL1 alone was
not enough to completely eliminate the early onset of endoreduplication under stress.
DELLA stabilization resulting in mitotic exit is an important response to
stress
We present a model in which DELLA stabilization in proliferating cells, a relatively late event
following the onset of osmotic stress, would drive the cells away from the mitotic cell cycle, and
into endoreduplication. As an early onset of endoreduplication is a natural response to stress,
it is tempting to speculate that it contributes to stress tolerance. This is consistent with the
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finding that leaf growth of del1-1 mutants, which exhibit an early onset of endoreduplication,
was found to be less sensitive to water deficit, while DEL1 -overexpressing plants were more
sensitive (Cookson et al., 2006). This shows that careful dissection of responses of growing
tissues to stress allows the modulation of growth inhibition, holding great promise for yield
stabilization in the coming decades.
Materials and methods
Plant growth
Seedlings of Arabidopsis thaliana (L.) Heyhn. accession Columbia-0 (Col-0) were grown in
vitro in half-strength Murashige and Skoog medium (Murashige and Skoog, 1962), supple-
mented with 1% sucrose under a 16-h day (110 µmol m−2 s−1) and 8-h night regime. Plates
were overlaid with a nylon mesh (Prosep, Zaventem, Belgium) of 20-µm pore size to avoid
growth of roots into the medium. Depending on the experiment, 32 or 64 seeds were equally
distributed on a 150-mm diameter plate. Mutant plants were grown together with their
wild-type controls on the same plate.
Stress and chemical treatments
At 9 DAS, when the third leaf is fully proliferating, seedlings were transferred to plates
containing control medium or medium supplemented with 25 mM mannitol (Sigma-Aldrich,
St-Louis, MO, USA), 1 µM paclobutrazol (Sigma-Aldrich) or 5 µM dexamethasone (Sigma-
Aldrich) by gently lifting the nylon mesh with forceps. All transfers were performed 3 h into
the day.
Growth analysis
Growth analysis was performed on the third true leaf harvested at different time points after
transfer. After clearing with 70% ethanol, leaves were mounted in lactic acid on microscopic
slides. For each experiment, 8 to 12 leaves were photographed with a binocular, and epidermal
cells (40 to 300) were drawn for four representative leaves with a DMLB microscope (Leica)
fitted with a drawing tubus and a differential interference contrast objective. Photographs of
leaves and drawings were used to measure leaf area and cell size, respectively, using ImageJ
v1.41o (NIH; http://rsb.info.nih.gov/ij/), and from these cell numbers were calculated.
RGR was calculated as the slope of a linear trend line fitted to ln-transformed leaf area data.
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Expression analysis
The third leaf was harvested from plants at the indicated time points after transfer. The entire
harvest was done in growth chambers and took less than 15 min. Briefly, whole seedlings were
harvested in an excess of RNAlater solution (Ambion) and, after overnight storage at 4◦C,
dissected under a binocular microscope on a cooling plate with precision microscissors. Dis-
sected leaves were transferred to a new tube, frozen in liquid nitrogen, and ground with 3-mm
metal balls in a Retsch machine. Samples were obtained from three independent experiments
and from multiple plates within one experiment. RNA was extracted with TriZol (Invitro-
gen), followed by clean-up with the RNeasy Mini Kit (Qiagen) including on-column DNase I
(Qiagen) treatment according to the manufacturer’s instructions. For cDNA synthesis, 250-
1000 ng of RNA was used with the iScript cDNA synthesis kit (Bio-Rad) according to the
manufacturer’s instructions. Primers were designed with the QuantPrime website (Arvidsson
et al., 2008). The qRT-PCR was done on a LightCycler 480 (Roche Diagnostics) in 384-well
plates with LightCycler 480 SYBR Green I Master (Roche) according to the manufacturer’s
instructions. Melting curves were analyzed to check primer specificity. Expression values of
AT1G13320, AT2G32170 and AT2G28390 were used for normalization (Czechowski et al.,
2005).
Flow cytometry
For flow cytometry analysis, 4 to 32 leaves were chopped with a razor blade in 200 µL
Cystain UV Precise P Nuclei Extraction Buffer (Partec, Munster, Germany), followed by
addition of 800 µL Staining Buffer and filtering through a 50-µm filter. Nuclei were analyzed
with the Cyflow MB flow cytometer (Partec) and the corresponding FloMax software. The
endoreduplication index (EI) was calculated as %4C + 2 × %8C + 3 × %16C.
Western blot
Total soluble protein was extracted from 64 to 128 leaves by adding extraction buffer (Van
Leene et al., 2007) to ground samples, followed by two freeze-thaw steps and two centrifugation
steps (20,817 g; 10 min; 4◦C) whereby the supernatant was collected each time. 50 µg of total
soluble protein was used for protein gel blot analysis with either primary rabbit anti-GFP
antibodies (Santa Cruz, CA, USA) (diluted 1:200) and a secondary horseradish peroxidase-
conjugated donkey anti-rabbit antibody (GE-Healthcare) (diluted 1:10,000). Proteins were
detected by chemiluminescence (Western Lightning Plus ECL, PerkinElmer Life Sciences,
Boston, MA, USA). Protein amounts were quantified with ImageJ v1.41o. Cross-reacting
bands were used for normalization. Control samples were arbitrarily set at 100%.
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Transgenic lines and mutants
The 35S::gai-GR construct was made based on a SCR::gai-GR-YFP construct (U´beda-Toma´s
et al., 2009), kindly donated by Malcolm Bennett, by amplifying gai-GR and cloning this
into the Gateway-compatible pK7WG2 vector (Karimi et al., 2002), and transformed into
Col-0 plants using Agrobacterium strain pMP90. RGA::GFP-RGA, rga-28 and rga-28 gai-2
seeds were kindly provided by Prof. Dr. Tai-ping Sun (Duke University, Durham, NC, USA).
q-ga2ox mutant seeds were received from Prof. Dr. Andrew Phillips (Rothamsted Research,
Harpenden, UK). spy-3 and ga3ox1-3 mutant seeds were obtained from NASC (N6268 and
N6943 respectively). All transgenic lines and mutants are in Col-0 background.
Supplemental data
The following Supplemental Figures can be found at the end of the chapter:
Supplemental Figure S1: Endoreduplication index of bottom (proliferating) and top (expand-
ing) half of leaves exposed to osmotic stress.
Supplemental Figure S2: Cell number reduction by mannitol in GA/DELLA mutants.
Supplemental Figure S3: Endoreduplication index of GA/DELLA mutants.
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Supplemental Figure S1. Endoreduplication index (EI) of bottom (proliferating) and top
(expanding) half of leaves exposed to osmotic stress. Errors bars indicate SE; N = 3.
Supplemental Figure S2. Cell number reduction at 15 DAS by mannitol in GA/DELLA
mutants. (A), q-ga2ox. (B), spy-3. (C), rga-28 gai-2. (D), ga3ox1-3. Errors bars indicate SE; N =
3.
Supplemental Figure S3. Endoreduplication index (EI) of GA/DELLA mutants. The
corresponding WT is shown in grey in each graph. Errors bars indicate SE; N = 3..
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Leaf growth is a complex developmental process that is continuously fine-tuned
by the environment. Various abiotic stresses, including mild drought stress, have
been shown to inhibit leaf growth in Arabidopsis (Arabidopsis thaliana), but
the underlying mechanisms remain largely unknown. Here, we identify the re-
dundant Arabidopsis transcription factors ETHYLENE RESPONSE FACTOR
5 (ERF5) and ERF6 as master regulators that adapt leaf growth to environ-
mental changes. ERF5 and ERF6 gene expression is induced very rapidly and
specifically in actively growing leaves after sudden exposure to osmotic stress
that mimics mild drought. Subsequently, enhanced ERF6 expression inhibits
cell proliferation and leaf growth by a process involving gibberellin and DELLA
signaling. Using an ERF6 inducible overexpression line, we demonstrate that the
gibberellin-degrading enzyme GIBBERELLIN 2-OXIDASE 6 is transcriptionally
induced by ERF6 and that, consequently, DELLA proteins are stabilized. As a
result, ERF6 gain-of-function lines are dwarfed and hypersensitive to osmotic
stress, while the growth of erf5 erf6 loss-of-function mutants is less affected
by stress. Besides its role in plant growth under stress, ERF6 also activates
the expression of a plethora of osmotic stress-responsive genes, including the
well-known stress tolerance genes STZ, MYB51, and WRKY33. Interestingly,
activation of the stress tolerance genes by ERF6 occurs independently from the
ERF6-mediated growth inhibition. Together, these data fit into a leaf growth
regulatory model in which ERF5 and ERF6 form a missing link between the pre-
viously observed stress-induced 1-aminocyclopropane-1-carboxylic acid accumu-
lation and DELLA-mediated cell cycle exit, and execute a dual role by regulating
both stress tolerance and growth inhibition.
Introduction
Drought stress is one of the most destructive environmental cues that affect plant growth
and crop productivity (Boyer, 1982; Yang et al., 2010). In response to water deprivation,
leaf growth is shut down by a fast and active mechanism initiated in order to save energy,
as the duration and extent of the stress are unknown (Skirycz and Inze´, 2010; Skirycz et al.,
2011a). This growth inhibition upon stress, however, is expected to cause yield losses that
are unnecessary when the stress only lasts for short periods or when the stress is too mild to
threaten the plant’s survival.
The molecular processes by which mature plant organs respond to water shortage are exten-
sively documented and are characterized by increasing abscisic acid levels activating stress-
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avoidance mechanisms (Xiong et al., 2002; Verslues et al., 2006; Seki et al., 2007; Schachtman
and Goodger, 2008). However, the mechanisms by which stress affects actively growing plant
organs are largely unknown. Although there have been many reports of transgenic Arabidop-
sis (Arabidopsis thaliana) lines with enhanced survival after severe water stress, an analysis of
27 of these showed no improved growth under milder, non-lethal drought conditions (Skirycz
et al., 2011b). Thus, tolerance to severe drought stress and the ability of plants to continue
to grow under mild stress conditions are very different traits mediated by different molecular
processes. Furthermore, recent studies pointed out the importance of analyzing stress re-
sponses at the organ or tissue level, as the responses to stress both at the transcriptional level
(Harb et al., 2010; Skirycz et al., 2010) and at the protein level (Baerenfaller et al., 2012) are
dependent on organ developmental stage or even on cell type identity (Dinneny et al., 2008).
In Arabidopsis, leaf development consists of three major phases during which cell proliferation,
driving the growth of very young leaves, gradually switches toward cell expansion. The
transition between cell proliferation and cell expansion occurs gradually, from leaf tip to leaf
base, and is generally paired with a switch from the mitotic cell cycle to endoreduplication
(Donnelly et al., 1999; Vlieghe et al., 2005; Anastasiou et al., 2007; Andriankaja et al., 2012;
Gonzalez et al., 2012). In plants undergoing mild osmotic stress, both cell proliferation and
cell expansion are affected, and as a result, leaves have fewer and smaller cells (Skirycz et al.,
2010; Tardieu et al., 2011). Proliferating leaves were shown to be affected in a two-step
process, previously denominated the “pause-and-stop” mechanism (Skirycz et al., 2011a). In
Arabidopsis, when stress occurs during early leaf development, cell cycle progression is first
arrested in a reversible manner by post-translational inhibition of CYCLIN-DEPENDENT
KINASE A (CDKA) activity. Only later, if the stress persists, the cell cycle pause will be
converted into a definitive cell cycle exit. Cells then enter cell expansion, which is accompanied
by the well-documented activation of endoreduplication and an increased DNA copy number.
The exit out of the cell cycle was previously shown to be dependent on GA and DELLAs
(Achard et al., 2009; Claeys et al., 2012).
In the first phase of a mild stress response in growing leaves (“pause”), we previously ob-
served an early stress-induced increase in 1-aminocyclopropane-1-carboxylic acid (ACC) lev-
els. ACC is the direct precursor of ethylene, a gaseous plant hormone that previously has
been implicated in regulating, either positively or negatively, growth upon stress treatments.
For example, ethylene was shown to either stimulate or inhibit primary root growth under
low phosphate availability or under deficiency of other nutrients, respectively (Ma et al., 2003;
Pierik et al., 2007). Shoot growth was shown to be positively regulated by ethylene during
flooding as well as during shade avoidance, the latter as a result of increased cell expansion
(Bailey-Serres and Voesenek, 2008; Jackson, 2008; Pierik et al., 2011). On the other hand,
using mutants in the ethylene signaling pathway, ethylene was reported to confer growth
inhibition. The ctr1 mutant, in which the ethylene signaling pathway is constitutively ac-
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tive, has a dwarf phenotype due to a reduction of both cell size and cell number (Roman
et al., 1995; Kieber, 1997). Moreover, ethylene-insensitive mutants are generally reported
to be larger than wild-type plants (Roman et al., 1995). Consistently, overexpression of the
ethylene receptors increases rosette size (Cao et al., 2006, 2007; Wuriyanghan et al., 2009).
Together, these seemingly contradictory observations can be explained by a biphasic model
(Pierik et al., 2006), presenting ethylene as a growth-stimulating hormone until an optimal
concentration is reached, after which ethylene inhibits growth. This optimum varies according
to environmental signals, internal signals, and species-dependent factors.
Here, we identify two redundant transcription factors, ETHYLENE RESPONSE FACTOR5
(ERF5) and ERF6, as being the central regulators of leaf growth inhibition upon mild os-
motic stress. ERF5 and ERF6 belong to the class of APETALA2 (AP2)/ERF transcription
factors (Fujimoto et al., 2000; Nakano et al., 2006), which are situated downstream of the
ethylene signaling cascade, where they regulate ethylene-responsive genes (Yoo et al., 2009).
Accordingly, ERF6 abundance was shown to increase significantly following ACC treatment
(Wang et al., 2013). Recently, these two transcription factors were shown to be able to in-
teract with each other at the protein level, although further investigations are necessary to
confirm an in planta interaction (Son et al., 2012). Although ERF5 and ERF6 have not yet
been extensively characterized, they recently have been described as being important reg-
ulators of biotic stress defense (Moffat et al., 2012; Son et al., 2012). Besides its function
in response to biotic stress, ERF6 was recently shown to control the expression of reactive
oxygen species-responsive genes after activation by MPK3/MPK6 (Wang et al., 2013).
In this study, we focus on ERF6, demonstrating that it affects cell cycle exit by triggering
the expression of GA 2-OXIDASE 6 (GA2OX6 ), and consequently the inactivation of GAs.
Thus, ERF6 provides a link between ACC and DELLA signaling in the cell cycle pause-
and-stop model, improving our understanding of growth inhibition in the proliferating leaf
primordia of plants subjected to water limitation. In addition, ERF6 regulates, in a GA- and
DELLA-independent manner, the expression of multiple genes associated with abiotic and
biotic stress conditions, such as genes encoding the transcription factors WRKY33, MYB51,
and STZ. Thus, ERF6 plays a dual role under stress, as it activates both stress tolerance and
growth inhibition, and, importantly, these two roles occur independently from each other.
Results
ERF5 and ERF6 are transcriptionally induced in actively growing leaves
within 1 h of stress exposure
We recently investigated the effects of mild osmotic stress on the transcriptome of very young
actively growing leaves (Skirycz et al., 2010, 2011a). Among the more than 1,500 genes differ-
entially expressed following exposure to mild osmotic stress, the transcription factors ERF5
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(AT5G47230) and ERF6 (AT4G17490) were induced very early after stress onset, already 1
h after stress exposure specifically in actively growing leaves, and their induction was further
maintained over time (Supplemental Figure S1A). Furthermore, analysis of publicly available
transcriptome data revealed that ERF5 and ERF6 are induced by several other, often severe
abiotic stresses, including drought (Supplemental Figure S1B; Hruz et al., 2008). These data
prompted us to investigate the role of ERF5 and ERF6 in integrating environmental signals
into leaf growth regulation.
Within the large class of more than 120 AP2/ERF transcription factors, ERF5 and ERF6
belong to group IXb, a small group of transcriptional activators containing several other
stress-responsive ERFs, such as ERF1 and ERF2 (Supplemental Figure S2; Nakano et al.,
2006; Skirycz et al., 2010). ERF5 and ERF6 share 51% amino acid similarity, with high
conservation of three functional domains: CMIX-2, CMIX-5, and the AP2/ERF domain
(Thompson et al., 1994).
erf5 erf6 loss-of-function mutants grow better under osmotic stress
To investigate the importance of ERF5 and ERF6 in leaf growth under various conditions, we
used single and double mutants. Single erf5 and erf6 mutants were obtained from the SALK
collection and have T-DNA insertions in the 3’ untranslated region and coding sequence,
respectively (Supplemental Figure S3A; Alonso et al., 2003; Wang et al., 2013). The ERF5
and ERF6 expression levels were strongly decreased both under normal and osmotic stress
conditions (Supplemental Figure S3B). The erf5 and erf6 single mutants had no obvious
growth phenotype, most likely because of functional redundancy; thus, the erf5 erf6 double
mutant was used for further analysis.
First, we explored how erf5 erf6 plants behave under standard conditions and when exposed
to various long-term abiotic stress conditions. As we were interested in measuring growth
dynamics in response to stress instead of limiting our analysis to end-point measurements,
we chose to grow the erf5 erf6 mutant and the wild-type line on an automated phenotyping
platform named the In Vitro Growth Imaging System (IGIS; see “Materials and methods”).
The IGIS platform allows for a continuous measurement of rosette size of in vitro-grown
Arabidopsis plants by taking photographs every hour from germination onward until 20 d after
stratification (DAS) and extracting the rosette area. The erf5 erf6 mutant and the wild type
were exposed to different mild abiotic stresses: osmotic stress (25 mM mannitol, mimicking
mild drought stress; Skirycz et al., 2011b), oxidative stress (1.5 mM H2O2), and salt stress
(50 mM NaCl). Interestingly, growth curves representing rosette area over time (Figure 1A)
demonstrate that under standard conditions, the erf5 erf6 mutant grows faster than the wild
type. At the end point (20 DAS), erf5 erf6 was 13% larger (Supplemental Table S1). When
grown on osmotic stress from germination onward, erf5 erf6 mutants tolerated the stress
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better than wild-type plants. The erf5 erf6 mutants were less affected by the stress-induced
growth inhibition and showed an increase in final rosette area of 33% compared with wild-
type plants exposed to this stress (Supplemental Table S1). Importantly, the same tendency
was observed for erf5 erf6 plants exposed to long-term oxidative stress and was consistent
in two out of the three experiments. However, the long-term hydrogen peroxide treatment
introduced significant variability between the experiments, making them poorly reproducible
and thus rather difficult to interpret (details per experiment are provided in Supplemental
Table S1). Finally, when exposed to long-term mild salt stress (50 mM NaCl), the erf5 erf6
plants were not larger than wild-type plants, suggesting that both transcription factors have
no role in tolerance to salt stress. This hypothesis is further supported by the observation
that exposure of plants to 50 mM NaCl does not induce ERF5 and ERF6 expression in very
young, small proliferating leaves (Supplemental Figure S4). Together, these data show that
ERF5 and ERF6 are central regulators that orchestrate leaf growth under long-term mild
osmotic and possibly oxidative stress conditions but not under salt stress.
Next we investigated the growth of erf5 erf6 when exposed to a short-term mild osmotic stress
(25 mM mannitol). Briefly, the assay consists of growing plants on a nylon mesh covering
control Murashige and Skoog (MS) medium until the third leaf has completely emerged from
the shoot apical meristem but is still in a fully proliferative stage, at 9 DAS. At this time
point, the mesh is transferred to MS medium containing 25 mM mannitol, and the effect of the
stress is analyzed daily by measuring the growth of the third leaf. As previously shown, wild-
type plants exposed to 25 mM mannitol show a reduction of leaf area of about 50%, caused
by a reduction of both cell number and cell size (Figure 1B; Skirycz et al., 2010, 2011a).
Importantly, the growth of erf5 erf6 was significantly (p = 0.0004) less affected than that
of the wild type (Figure 1B): on average, wild-type plants showed a 42% leaf size reduction,
while the leaf size of erf5 erf6 was only decreased by 11% (Supplemental Table S2, C and D).
As a consequence, third leaves harvested at 19 DAS from erf5 erf6 plants exposed to stress
were 59% larger in comparison with those of wild-type plants exposed to stress (p = 0.025).
Thus, the third leaf of erf5 erf6 plants exposed to short-term mild osmotic stress continued
to grow almost indistinguishably from that of wild-type plants grown on standard medium.
Interestingly, this reduced leaf growth inhibition is already visible at 12 DAS (Figure 1B),
suggesting that ERF5 and ERF6 act early in leaf development.
ERF6 represses leaf growth by inhibiting cell division and cell expansion
To investigate the cellular basis of ERF6-mediated growth inhibition, inducible gain-of-
function ERF6 lines were analyzed. To this end, the ERF6 sequence was C-terminally fused
to that of a glucocorticoid receptor (GR) domain and expressed in transgenic plants under the
control of the cauliflower mosaic virus 35S promoter (p35S). This chimeric ERF6-GR protein
is expected to stay in the cytoplasm, but after addition of the steroid hormone dexamethasone
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Figure 1: The erf5 erf6 double mutant is more tolerant to mild osmotic stress conditions.
(A) Rosette area over time of wild-type plants (WT) and erf5 erf6 double mutants under standard
MS medium and different stress conditions. The erf5 erf6 mutant shows significant tolerance to
osmotic stress (MS medium supplemented with 25 mM mannitol) only. Colored shadows indicate SE.
Three biological repeats were performed with at least 12 seedlings per line per treatment. (B) Leaf
area measurements (third leaf) of the erf5 erf6 mutant and the wild type upon transfer at 9 DAS to
standard or mild osmotic stress conditions. On osmotic stress, the erf5 erf6 mutant is always about
50% larger than the wild type (for detailed measurements, see Supplemental Table S2). Error bars
indicate SE. Three biological repeats were performed with 16 leaves per repeat.
(DEX), it undergoes conformational changes and migrates to the nucleus, where it becomes
functional as a transcription factor (Corrado and Karali, 2009). Two glucocorticoid-inducible
overexpression (IOE) lines were used for further analysis: a strong ERF6 -overexpressing line
referred to as ERF6IOE-S (fold change = 7,000 as compared with the 35S::GFP-GR line,
measured in young seedlings) and a weaker line denominated ERF6IOE-W (fold change =
220). As a control, a DEX-inducible 35S::GFP-GR (GFPIOE) line was used. To examine the
effect of ERF6 overexpression specifically on actively growing leaves, plants were germinated
on a nylon mesh overlaying MS medium and transferred to medium containing 5 µm DEX
at 9 DAS, when the third leaf is fully proliferating. ERF6 activation from 9 DAS onward
drastically reduced the growth of this leaf: at 16 DAS, leaf area reductions of 83% and 55%
were measured for ERF6IOE-S and ERF6IOE-W, respectively, and significant reductions were
already observed 48 and 72 h after DEX treatment of ERF6IOE-S and ERF6IOE-W, respec-
tively (Figure 2A). At the cellular level, the severe growth reduction of ERF6IOE-S at 16
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DAS was caused by both smaller (57%) and fewer (59%) leaf cells (Supplemental Figure S5).
As expected, this cellular phenotype was less pronounced in the weaker ERF6IOE-W line,
in which mainly cell area was affected (Supplemental Figure S5). Flow cytometry showed
an increase in endoreduplication upon strong ERF6 overexpression, suggesting that ERF6
pushes cells from mitosis into endoreduplication and differentiation (Supplemental Figure S6).
When left on DEX for longer times (until 22 DAS), ERF6 -overexpressing plants remained
dwarfed and dark green, with stunted rosettes (Figure 2B). Similar phenotypes were observed
for soil-grown plants sprayed daily with a 5 µm DEX solution from 9 DAS onward (Figure
2B). Taken together, these data show that ERF6 expression levels inversely correlate with
leaf growth.
Figure 2: ERF5 and ERF6 negatively regulate leaf growth. (A) Growth measurements
of the third leaf of inducible ERF6 overexpression plants transferred to DEX at 9 DAS to induce
ERF6 overexpression. Leaf size becomes significantly smaller than that of the control at 11 DAS for
ERF6IOE-S and at 12 DAS for ERF6IOE-W. (B) Rosettes of ERF6 -overexpressing plants in vitro
(growth medium supplied with DEX; top panel) and in soil (plants sprayed daily with DEX; bottom
panel). From left to right: GFPIOE control line, ERF6IOE-W, and ERF6IOE-S. Plants are 22 d old.
(C) Nineteen-day-old rosettes of ERF6IOE-W lines upon ERF6 overexpression with DEX at 9 DAS,
exposure to osmotic stress (25 mM mannitol), or the combination of mannitol and DEX. **p < 0.01.
For A and C, error bars indicate SE of three repeats with 16 plants per repeat.
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To further investigate the role of ERF6 in stress-mediated growth inhibition, we exposed the
ERF6IOE-W line to short-term osmotic stress. We only used the ERF6IOE-W line, as the
ERF6IOE-S line shows a very severe phenotype making the accurate measurement of subtle
growth changes rather difficult. The ERF6IOE-W line was grown on MS medium until 9 DAS
and then transferred to medium with or without 25 mM mannitol, in combination with or
without DEX. In the presence of DEX, the ERF6IOE-W line was found to be hypersensitive
to osmotic stress as compared with the wild type (Figure 2C). When first germinated on
MS medium and then transferred to either DEX or mannitol, ERF6IOE-W plants showed a
reduction in growth but were still able to develop normally. However, when transferred to
mannitol + DEX, the plants failed to develop correctly and were extremely dwarfed. Together,
our data confirm that ERF6 plays an important role in modulating leaf growth under stress.
ERF6 inhibits growth through a GA/DELLA-dependent mechanism
To elucidate how ERF6 reduces leaf growth, we performed a genome-wide analysis of genes
rapidly induced by the activation of ERF6 overexpression. To this end, 9-d-old ERF6IOE-S
plants were transferred for 4 h to DEX, and subsequently, third leaf primordia were microdis-
sected and subjected to AGRONOMICS1 tiling arrays (Rehrauer et al., 2010). Already 4 h
after DEX treatment, 344 genes were differentially expressed (false discovery rate-corrected
p < 0.05), of which 332 were induced (Supplemental Table S3), suggesting that ERF6 acts as
an activator of gene expression. Gene Ontology annotation analysis of the 332 up-regulated
genes using BiNGO (Maere et al., 2005) revealed that the putative ERF6 targets are highly
enriched in several stress-related and biological signaling process categories, such as “response
to water stress”, “response to chemical stimulus”, “response to biotic stimulus”, and “response
to ethylene” (Supplemental Figure S7), again strongly suggesting a role for ERF6 in early
stress response. Importantly, when comparing the putative ERF6 target genes with the pre-
viously identified list of genes specifically induced in leaf initials within 3 h of exposure to
osmotic stress (Skirycz et al., 2011a), we observed a highly significant overlap (18.5 times
higher than expected by chance; Figure 3). Out of the 332 putative ERF6 targets, 56 were
found to be induced within 3 h of mannitol treatment (Supplemental Table S4). Interestingly,
14 of the 27 genes induced after 1.5 h of mannitol treatment are differentially expressed upon
ERF6 induction (62.3 times more than expected by chance), again underlining the central
role for ERF6 in early stress response. An additional 56 ERF6-induced genes are also found
to be induced 12 and 24 h following mannitol treatment in proliferating leaves.
Genes that are rapidly induced by DEX-mediated activation of ERF6 are putative target
genes. One of these genes, GA2OX6, encoding an oxidase involved in GA inactivation, de-
serves particular attention because the ERF6IOE dwarf phenotype phenocopies that of plants
insensitive to GAs (Peng et al., 1997; Thomas and Sun, 2004). Moreover, from our previously
established list of osmotic stress-responsive genes (Skirycz et al., 2011a), we observed that
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Figure 3: Overlap between ERF6 targets and genes
rapidly induced by 25 mM mannitol. Comparison was
performed of the 332 putative ERF6 targets with the previ-
ously identified list of genes specifically induced in leaf initials
within hours upon exposure to osmotic stress (Skirycz et al.,
2011a). Values indicated in the Venn diagram represent the
number of genes induced upon 1.5- and 3-h mannitol treat-
ment and the genes induced in leaf initials 4 h following DEX
application in ERF6IOE-S.
GA2OX6 is the only GA 2-oxidase activated by mild osmotic stress (Supplemental Figure
S8). We subsequently tested whether the ERF6-mediated activation of GA2OX6 expression
could explain the growth retardation caused by ERF6 activation. Time-course quantitative
PCR analysis confirmed the induction of GA2OX6 expression within 2 h after the activation
of strong ERF6 overexpression (Figure 4A). Consistently, there is a correlation between the
timing and level of GA2OX6 induction and the observed growth inhibition, as seen in the
ERF6IOE-W line, where upon DEX treatment the growth is less affected and the GA2OX6
induction by ERF6 is slower and less pronounced (Supplemental Figure S9). Importantly, in
the erf5 erf6 mutant, the growth of which is less affected by osmotic stress, the induction of
GA2OX6 following stress exposure is delayed (Supplemental Figure S10).
Our data support a model in which ERF6 is able to activate GA2OX6 expression, triggering
GA breakdown and consequently stabilizing DELLA proteins, which are known to negatively
affect growth. To further confirm this model, we investigated whether DELLAs were sta-
bilized after ERF6 activation by crossing the ERF6IOE lines with a GFP-tagged DELLA
reporter line (pRGA::GFP-RGA; Silverstone et al., 2001). Stabilization of RGA, the major
DELLA expressed in developing leaves (Dill et al., 2001), following ERF6 activation can be
followed by western-blot analysis using a primary antibody against GFP. This demonstrated
the stabilization of RGA between 12 and 24 h after ERF6 activation (Figure 4B). Finally, to
confirm the involvement of GA in the ERF6-mediated growth arrest, we tested whether the
growth inhibition activated by ERF6 could be abolished by crossing the ERF6IOE-W line with
a transgenic line overexpressing the rate-limiting GA biosynthetic enzyme GA 20-OXIDASE
1 (35S::GA20OX1; Coles et al., 1999; Gonzalez et al., 2010). When grown on DEX, the re-
sulting plants (ERF6IOE-W × 35S::GA20OX1), in contrast to ERF6IOE-W plants, did not
show any growth retardation (Figure 4C), and the final size (at 21 DAS) of the third leaf was
similar to that of control GFPIOE plants (Figure 4D). A similar, albeit more partial, restora-
tion of growth was obtained for ERF6IOE-S × 35S::GA20OX1 plants (Figure 4C). Together,
these data confirm that, under osmotic stress, ERF6 induces the expression of the gene en-
coding the GA-inactivating enzyme GA2OX6, thereby reducing the bioactive GA levels and
stabilizing the DELLA proteins.
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Figure 4: ERF6 regulates GA levels through transcriptional control of GA2OX6. (A)
Induction of GA2OX6 following the activation of ERF6 overexpression. Two hours after transfer to
DEX of ERF6IOE-S, GA2OX6 is significantly induced. Expression was measured in proliferating third
leaves, and values are normalized to their expression in the GFPIOE control line exposed to the same
treatment. Error bars indicate SE of three repeats with 64 young third leaves per repeat. (B) Stabi-
lization of the DELLA protein RGA upon the activation of ERF6 overexpression shown by western
blot, targeting the GFP domain of the RGA-GFP fusion protein in pRGA:GFP-RGA × ERF6IOE-S
seedlings. DELLA stabilization first clearly appears 24 h after ERF6 activation. Three biological
replicates were performed. (C) Growth complementation assay. By crossing the two independent
ERF6IOE lines with a 35S::GA20OX1 line (ectopic GA overproduction), the dwarfed phenotype could
be partially and fully complemented in ERF6IOE-S and ERF6IOE-W lines, respectively. Treatment
with DEX was applied at 9 DAS, and photographs were taken at 21 DAS. D Measurements of third
leaves at 21 DAS of GFPIOE , ERF6IOE-W, and ERF6IOE-W × 35S::GA20OX1 upon treatment with
DEX at 9 DAS. Error bars indicate SE of three repeats with 12 leaves per repeat.
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ERF6 activates a plethora of stress-responsive genes
We subsequently further explored the ERF6 regulon of 332 putative ERF6 target genes, which
is enriched for stress-responsive genes, suggesting that ERF6 plays a role in orchestrating,
besides growth, also early stress-induced gene expression. Multiple genes encoding stress-
related transcription factors were identified within the overlap of putative ERF6 target genes
and genes transcriptionally induced within 24 h after osmotic stress exposure (Skirycz et al.,
2011b). To further uncover the link between ERF6 and this stress-related transcription fac-
tor network, we chose three representative genes, SALT-TOLERANT ZINC FINGER (STZ ),
WRKY33, and MYB51, as these were previously shown to have a role in biotic and abiotic
stress signaling (Sakamoto et al., 2000, 2004; Gigolashvili et al., 2007; Jiang and Deyholos,
2009; Birkenbihl et al., 2012; Li et al., 2012; Niu et al., 2012). Additional quantitative PCR
analysis confirmed the induction of these genes within 2 h after DEX-mediated ERF6 acti-
vation using the ERF6IOE-S (Figure 5A) and ERF6IOE-W (Supplemental Figure S9) trans-
genic lines, thereby rendering them primary candidates for being direct ERF6 targets. This
is supported using a protoplast activation assay with promoter-luciferase reporter constructs
(pSTZ:fLUC, pWRKY33:fLUC, and pMYB51:fLUC), in which the respective promoters were
cloned upstream of the fLUC gene (encoding the firefly luciferase enzyme) and expressed
together with a 35S::ERF6 or 35S::ERF5 construct in tobacco (Nicotiana tabacum) Bright
Yellow-2 (BY-2) protoplasts. Binding of ERF6 or ERF5 to the promoter of interest triggers
the expression of the fLUC gene and the production of the luciferase enzyme. A significant
increase in luciferase activity shows the activation of pSTZ, pWRKY33, and pMYB51 by
both ERF5 and ERF6 (Figure 5B). In summary, these data strongly suggest that ERF5 and
ERF6 directly activate the expression of the stress-related transcription factor genes STZ,
WRKY33, and MYB51.
Finally, we investigated whether the two functions of ERF6, being on the one hand leaf growth
regulation and on the other hand the activation of a stress defense transcriptional cascade, are
interdependent. For this purpose, we used the ERF6IOE-W × 35S::GA20OX1 and ERF6IOE-
S × 35S::GA20OX1 lines, in which the growth inhibition is entirely and partially abolished,
respectively. Importantly, when ERF6 overexpression was activated at 9 DAS by DEX treat-
ment for 8 h, the stress defense transcriptional cascade (represented here by the expression
of STZ, WRKY33, and MYB51 ) was still activated at least as highly as in the positive con-
trol lines (Figure 5C). The expression of STZ and WRKY33 was even considerably higher
in the ERF6IOE-W × 35S::GA20OX1 plants (without growth reduction) as compared with
that in ERF6IOE-W × 35S::GFP plants. Thus, although the growth inhibition by ERF6
was suppressed, the stress-related transcription network was still active. These results are of
significant importance, as they demonstrate that growth reduction caused by mild stress can
be uncoupled from the stress defense response.
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Figure 5: ERF6 regulates the stress-related transcription factors STZ, MYB51, and
WRKY33. (A) Induction of STZ, WRKY33, and MYB51 following the activation of ERF6 over-
expression. Within 2 h of the transfer of ERF6IOE-S to DEX, STZ, WRKY33, and MYB51 are
significantly induced. Expression was measured in proliferating third leaves, and values are normal-
ized to their expression in the GFPIOE control line exposed to the same treatment. Error bars indicate
SE of three repeats with 64 young third leaves per repeat. (B) ERF5/ERF6-dependent activation of
the promoters of STZ, WRKY33, and MYB51 by the protoplast activation assay. Indicated values are
luciferine detection levels normalized to the negative control. Asterisks indicate significantly different
values from the control at the 1% (**) and 5% (*) significance levels. Error bars indicate SE, and
eight biological repeats were performed. (C) Induction of STZ, MYB51, and WRKY33 expression
8 h after the activation of ERF6 overexpression in ERF6IOE × 35S::GA20OX1 plants. Although
the dwarfed growth phenotype is partially and completely rescued in ERF6IOE-S × 35S::GA20OX1
and ERF6IOE-W × 35S::GA20OX1 plants, respectively (Figure 4B), the stress-related transcription
factors are still induced to the same extent as in the positive control lines (ERF6IOE-S × GFPIOE
and ERF6IOE-W × GFPIOE , respectively). Expression values are normalized to their expression in
the control line (GFPIOE). Error bars indicate SE of three repeats with 64 young third leaves per
repeat.
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Discussion
ERFs are rapidly induced by osmotic stress
Osmotic stress was previously demonstrated to induce the expression of a large number of
genes in actively growing leaves (more than 1,500 genes). Within 1.5 and 3 h of stress
exposure, only a small number (27 and 193, respectively) were rapidly induced (Skirycz
et al., 2011b). This suggests that stress signaling occurs through cascades in which, in a
simplified view, a few rapidly activated transcription factors orchestrate other transcription
factors, which in turn switch on their own targets. In this context, ERF5 and ERF6, two
transcription factors that are transcriptionally induced within 1 h of osmotic stress, belong to a
very confined group of early stress regulators. Intriguingly, the expression of the ERF6 targets
(STZ, WRKY33, and MYB51) is induced within 1 h of osmotic stress as well, suggesting
that there is yet another mechanism than ERF6 transcription that triggers STZ, WRKY33,
and MYB51 expression. A possible explanation for the fast induction of STZ, WRKY33,
and MYB51 could be that ERF6 is expressed at basal levels under standard conditions
(Andriankaja et al., 2012; Wang et al., 2013) and that ERF6 is posttranscriptionally activated
by osmotic stress. A similar mechanism was recently shown to occur during oxidative stress,
where ERF6 is phosphorylated by two mitogen-activated protein kinases (MPK3 and MPK6;
Wang et al., 2013). Both kinases act downstream of ACC and independently of the EIN2
signaling pathway (Yoo et al., 2008), and we have previously demonstrated their presence
during very early osmotic stress (Skirycz et al., 2011b). Importantly, MPK3 and MPK6 were
recently shown to physically interact with ERF5 and ERF6, and phosphorylation of ERF5
and ERF6 by MPK3 and MPK6 could be demonstrated (Popescu et al., 2009; Son et al.,
2012; Wang et al., 2013). The very rapid transcriptional induction of ERF6 following stress
exposure results from an autoactivation loop in which phosphorylated ERF6 activates its
own expression, independent from induction by the upstream EIN3 and EIL1 transcription
factors (Supplemental Figure S11). Therefore, we propose the hypothesis that ERF5 and
ERF6, present at the basal level prior to stress exposure, are upon stress treatment rapidly
phosphorylated through MPK3 and MPK6 and thereby converted into active transcription
factors, able to rapidly regulate their own expression and the expression of STZ, WRKY33,
and MYB51.
ERF5 and ERF6 form the connection between ACC accumulation and the
GA/DELLA response in leaves subjected to mild drought stress
Recently, we have shown that growth inhibition by mild osmotic stress response occurs in two
steps: first, a pause step, in which the cell cycle is temporally arrested in an ACC-dependent
manner by inhibition of CDKA; and later, if stress is maintained, a stop mechanism, which
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pushes cells irreversibly out of the cell cycle and into cell differentiation (Skirycz et al., 2011b).
The last step was shown to be mediated by DELLAs, driving cells into early endoreduplication
and thus mitotic exit (Claeys et al., 2012). However, it was not yet clear how the early ACC
accumulation causes DELLA stabilization. Here, we propose that ERF5 and ERF6 form the
connection between stress sensing and GA/DELLA signaling (Figure 6A). The presence of
GA2OX6 among the putative ERF6 targets strongly supported this hypothesis. GA2OX6
encodes a GA-inactivating enzyme and its induction thus decreases the levels of bioactive GA,
thereby stabilizing the DELLAs (Figure 6A). An analysis of various transgenic lines with al-
tered ERF6 levels and exposure of these lines to standard and mild osmotic stress conditions
revealed a remarkable correlation between the levels of ERF6 expression and the severity of
growth inhibition (Figure 6B). ERF6IOE-S seedlings, which are characterized by very strong
ERF6 overexpression, are completely dwarfed. As osmotic stress transcriptionally induces
ERF6 expression and most likely triggers ERF6 activation, it is expected that osmotic stress
would aggravate the growth phenotype. This is exactly what was observed for ERF6IOE-W
plants, which are smaller but still develop normally. Exposing these weak ERF6 overexpres-
sion plants to mild osmotic stress (ERF6IOE-W + DEX + mannitol) completely abolishes
plant growth.
Interestingly, the phenotype of ERF6 -overexpressing plants strongly resembles that of the
35S:gai-GR line, in which a mutant GA-insensitive version of the DELLA protein GAI is
overexpressed (Claeys et al., 2012). Both lines show the same cellular phenotype in the
presence of DEX, with less and smaller epidermal cells. Importantly, the cellular phenotype
observed in ERF6 -overexpressing plants matches that of the epidermal cells of plants exposed
to mild osmotic stress (Skirycz et al., 2010). The reduced cell number, however, could only be
obtained by strong ERF6 overexpression and was not clear after weak ERF6 overexpression,
indicating that ERF6 mainly works on cell expansion and to a lesser extent on cell division,
in accordance with how DELLAs inhibit root and probably shoot growth (Achard et al.,
2009). Finally, in the ERF6 -overexpressing plants, proliferating cells of young leaves are
pushed faster into endoreduplication, a process mediated through GA/DELLA signaling that
was also observed under osmotic stress (Skirycz et al., 2011a). In conclusion, several lines of
evidence show that ERF5 and ERF6 provide a link between ACC accumulation and DELLA
signaling in the pause-and-stop model.
The involvement of DELLA and/or ethylene signaling in growth and stress responses is not
restricted to osmotic stress. A well-known example is the involvement of C-REPEAT/-
DROUGHT-RESPONSIVE ELEMENT BINDING FACTOR1 (CBF1) in freezing acclima-
tion and growth inhibition under cold stress, upstream of several GA 2-oxidases (GA2OX3,
GA2OX6, and GA2OX1), thereby causing DELLA accumulation (Achard et al., 2008). An-
other AP2 transcription factor, DDF1, was shown to play a similar function under salt
stress by regulating the expression of GA2OX7 (Magome et al., 2008). The data presented
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Figure 6: ERF5 and ERF6 regulate leaf growth and stress defense under osmotic stress.
(A) Immediately upon exposure to osmotic stress, ACC accumulates in the actively growing leaves,
where it is converted to ethylene. Ethylene further activates the signaling pathway involving MPK3 and
MPK6. These kinases phosphorylate the basal amount of ERF5 and ERF6 proteins present in the cell
prior to stress exposure. The activated ERF5 and ERF6 then execute their dual functions: on the one
hand, the activation of the stress defense transcriptional cascade with direct transcriptional activation
of STZ, WRKY33, and MYB51, and on the other hand, the activation of leaf growth inhibition.
This occurs through the transcriptional activation of the gene encoding the GA-inactivating enzyme
GA2OX6, thereby decreasing the bioactive GA concentration and stabilizing the DELLA proteins. (B)
In accordance with the model presented in (A), ERF6 transcript levels and stress-mediated activity
inversely correlate with leaf growth (for discussion, see text). Bar = 1 cm.
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here demonstrated an analogous role for ERF6 in regulating growth under mild osmotic
and oxidative stress. Moreover, whereas CBF1 acts upstream of several GA 2-oxidases
(GA2OX3, GA2OX6, and GA2OX1), we provide evidence that osmotic stress specifically
involves GA2OX6 (Supplemental Figure S8). Thus, although hormonal interactions between
ethylene and GA/DELLA might regulate general growth mechanisms that are shared between
different abiotic cues, the identity of the molecular players involved is highly condition and
tissue specific. We speculate that, although these transcription factors all activate, on the
one hand, the DELLA-mediated growth inhibition, they each activate, on the other hand, a
specific cluster of stress tolerance genes according to the type of stress.
ERFs regulate many stress resistance genes in a GA/DELLA-independent
way
Genome-wide identification of putative ERF6 target genes provided a list of 332 genes highly
enriched for genes involved in stress response and signaling. Among them were the well-
known stress-related transcription factors STZ, WRKY33, and MYB51. Cotransfection of
protoplasts with a promoter-luciferase reporter and 35S::ERF5 or 35S::ERF6 shows that
STZ, WRKY33, and MYB51 are most likely direct ERF5 and ERF6 target genes. STZ
is a transcriptional repressor activated under severe salt stress to control survival mecha-
nisms (Sakamoto et al., 2000, 2004; Mittler et al., 2006). MYB51 is a homeodomain-like
transcription factor known to regulate the biosynthesis of indole-glucosinolates, a class of sec-
ondary metabolites involved in defense against herbivores (Gigolashvili et al., 2007). Finally,
WRKY33 is a transcriptional activator involved in plant survival under high-salt, cold, and
severe osmotic stress (Jiang and Deyholos, 2009). Furthermore, WRKY33 has a role in biotic
stress defense, where it regulates the balance between necrotrophic and biotrophic pathogen
responses (Lippok et al., 2007; Pandey and Somssich, 2009; Birkenbihl et al., 2012). In an-
other recent study dealing with biotic stress, WRKY33 also was found downstream of ERF5,
but surprisingly, and in contrast to the data presented here, ERF5 overexpression appeared
to downregulate WRKY33 (Son et al., 2012). A possible reason for this discrepancy is that
in the latter study, plants constitutively overexpressing ERF5 were used, possibly activating
negative feedback loops suppressing ERF5 activity. In contrast, using the inducible ERF6
overexpression line, we could show that WRKY33 expression increases gradually over time,
demonstrating that under osmotic stress conditions, ERF6 works as a transcriptional activa-
tor to regulate WRKY33 expression. Supporting our observations, ERF6 was recently shown
to be necessary for WRKY33 induction under oxidative stress (Wang et al., 2013). Consistent
with the activation of stress tolerance genes by ERF5 and ERF6, overexpression of SlERF5
in tomato (Solanum lycopersicum) plants was recently shown to confer tolerance to drought
stress (Pan et al., 2012).
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ERF6 regulates two diverse processes: on the one hand, the activation of the stress defense
transcriptional cascade, and on the other hand, the regulation of growth inhibition. Our data
show that both processes can be uncoupled. Overexpression of the gene encoding the GA
biosynthetic enzyme GA20OX1 (Coles et al., 1999) in ERF6 -overexpressing plants suppressed
the growth reduction phenotype but left the ERF6-mediated induction of stress response genes
intact. Thus, in plants in which the stress signaling pathway is activated through ERF6
overexpression, the stress tolerance factors remain activated even when growth inhibition is
completely suppressed. This is similar to CBF1, which regulates a cluster of cold-responsive
genes in a DELLA-independent way (Achard et al., 2008). From an agricultural point of view,
this means that it should be possible to generate crops that are less affected by mild drought
in terms of growth but are still able to activate their stress defense mechanisms.
ERF5 and ERF6 regulate growth under multiple, but not all, abiotic stresses
The erf5 erf6 double mutant is more tolerant to both short-term and long-term osmotic stress,
most likely because GA2OX6 expression is no longer activated (Supplemental Figure S10).
Although less clear due to experimental variability, a similar tendency is observed for plants
exposed to long-term oxidative stress. Surprisingly, although salt stress is generally known to
be closely related to osmotic stress, erf5 erf6 plants do not tolerate mild salt stress better than
wild-type plants. This observation was supported by expression analysis demonstrating that
ERF5 and ERF6 have no role in salt stress signaling in actively growing leaves. Consistently,
in proliferating leaves, mild salt stress does not induce the expression of GA2OX6, in contrast
to osmotic and oxidative stress. It is thus likely that growth inhibition induced by mild salt
stress occurs independently of the ERF5/ERF6-centered growth regulatory pathway. Both
drought and salt stress are characterized by the reduced ability to take up water, causing
cellular dehydration and wilting. In addition, since salt ions are taken up by plant cells,
plants have to cope with toxic levels of Na+. In the majority of species, NaCl concentrations
above 40 mM cause toxicity (Munns and Tester, 2008). In this study, plants were exposed
to 50 mM NaCl and the observed growth reduction was probably mainly caused by NaCl
toxicity and thus less related to osmotic stress defense. Although salt and osmotic stress show
similarities, genome-wide expression studies revealed that large sets of genes are specifically
induced by only one of these stresses (Denby and Gehring, 2005). Depending on the duration
and exact conditions by which the stresses were applied, the overlap of genes responding
to both abiotic stresses varied on average between 10% and 40%. When comparing only
expression analyses performed on shoot tissue, the overlap was reduced to 3%. Thus, early
stress-sensing and signaling responses in Arabidopsis shoots are mainly specific to either salt
or osmotic stress, and our data clearly support this notion in actively growing leaves. Both
osmotic stress and salt stress implicate the ethylene precursor ACC as an early signal (Zhang
et al., 2011), and the molecular mechanisms by which this difference between salt and osmotic
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stress response is established in actively growing leaves are far from resolved. We speculate
that the intermediate regulator acting between ACC and ERF5/ERF6 in the cascade is active
after either osmotic or salt stress and activates or inhibits ERF5/ERF6 specifically in this
condition. A putative candidate for such a regulator is NEK6, a kinase transcriptionally
induced by ACC and by salt stress (Zhang et al., 2011) but not by osmotic stress (Skirycz
et al., 2011a). We further speculate that upon salt stress, the NEK6 kinase either rapidly
phosphorylates and thereby inactivates ERF5/ERF6 or inhibits the ethylene biosynthesis
pathway (Zhang et al., 2011), establishing a slower but stable ERF5/ERF6 inhibition. It is
likely that CBF1 is the functional equivalent of ERF6 under salt stress conditions (Achard
et al., 2008). This probably allows the activation of genes conferring tolerance to sodium
toxicity, which are not activated by ERF6.
Conclusion
In this study, we provide a missing link between ACC accumulation and DELLA stabiliza-
tion in the pause-and-stop mechanism by which Arabidopsis leaf growth is shut down under
osmotic stress. We uncovered a dual regulatory role for the transcription factors ERF5 and
ERF6 and propose them to be central elements in a signaling network summarized in Figure
6A. Mild osmotic stress triggers the accumulation of ACC and, most likely, initiates an ACC-
dependent signaling cascade involving MPK3 and MPK6. These mitogen-activated protein
kinases activate ERF5 and ERF6, which in turn initiate transcription of GA2OX6, encoding
a GA-degrading enzyme. GA breakdown stabilizes DELLA proteins and represses growth. In
parallel, ERF5 and ERF6 activation triggers the expression of stress tolerance factor genes
such as STZ, WRKY33, and MYB51. Interestingly, the ERF5- and ERF6-mediated growth
inhibition and the activation of the stress-responsive network can be uncoupled. This uncou-
pling holds great potential for engineering crops that are less inhibited by mild stress while
maintaining stress tolerance.
Materials and methods
Plant lines
The single erf5 and erf6 mutants of Arabidopsis (Arabidopsis thaliana) were obtained from the
SALK collection, references SALK 076967 (erf5 ) and SALK 030723 (erf6 ). The pRGA::RGA-
GFP line was a kind gift of Prof. Dr. Tai-ping Sun (Duke University). The 35S::GA20OX1
line used was previously described by Gonzalez et al. (2010) and originally was a gift from P.
Hedden (Coles et al., 1999). All lines used are in the Columbia background.
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In vitro plant growth conditions
Seedlings were grown in vitro on one-half-strength MS medium (Murashige and Skoog, 1962)
containing 1% Suc at 21◦C under a 16-h-day (110 µmol m−2 s−2) and 8-h-night regime. For
long-term experiments where no transfer was needed, 9 g/L agar was added to the medium.
For short-term experiments involving transfer, 6.5 g/L agar was used, and the growth medium
was overlaid with nylon mesh (Prosep) of 20-µm pore size to facilitate transfer. For expression
analysis and growth experiments, 64 and 16 seeds, respectively, were equally distributed on
a 14-cm-diameter petri dish. The different ERF6 gain- and loss-of-function lines were always
grown together with the appropriate control on one plate to enable correct comparisons.
Exposure to short-term osmotic stress and/or glucocorticoid-induced acti-
vation of ERF6
Plants were grown on a nylon mesh covering control MS medium until the third leaf had
completely emerged from the shoot apical meristem but was still in a fully proliferative stage,
at 9 DAS. At this time point, the mesh was transferred to plates with one-half-strength MS
medium containing 25 mM D-mannitol (plant culture tested; Sigma), 5 µm DEX (Sigma), or
a combination of both. For expression analysis and growth experiments, all seedlings were
transferred to DEX, including the GFPIOE control lines, to account for the possible effects
of DEX on growth or gene expression.
Growth analysis
Growth analysis was performed on the third true leaf harvested at different time points after
transfer to DEX. After clearing with 70% ethanol, leaves were mounted in lactic acid on
microscope slides. For each experiment, about 15 to 20 leaves were photographed with a
binocular microscope, and abaxial epidermal cells (100-200) were drawn for three represen-
tative leaves with a DMLB microscope (Leica) fitted with a drawing tubus and a differential
interference contrast objective. Photographs of leaves and drawings were used to measure leaf
area and cell size, respectively, using ImageJ version 1.37o (http://rsb.info.nih.gov/ij/),
and average cell numbers were calculated by dividing leaf area by cell area.
Sampling RNA for expression analysis
Samples were obtained from three independent experiments and from multiple plates within
the experiment. Whole seedlings were harvested rapidly in an excess of RNAlater solution
(Ambion) and, after overnight storage at 4◦C, dissected using a binocular microscope on a
cooling plate with precision microscissors. Dissected leaves were transferred to a new tube,
frozen in liquid nitrogen, and ground with a Retsch machine and 3-mm metal balls. RNA was
extracted with Trizol (Invitrogen) and further purified with the RNeasy Mini Kit (Qiagen).
DNA digestion was done on columns with RNase-free DNase I (Roche).
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Genome-wide expression changes
For the identification of genome-wide expression changes, samples of the strong ERF6-over-
expressing line (ERF6IOE-S) and the control line (GFPIOE) were harvested 4 h after transfer
to DEX. Two micrograms of pure RNA samples was hybridized to AGRONOMICS1 Arabidop-
sis Tiling Arrays (Rehrauer et al., 2010) at the VIB Microarray Facility. Obtained expression
data were processed with Robust Multichip Average (background correction, normalization,
and summarization) as implemented in BioConductor (Irizarry et al., 2003b,a; Gentleman
et al., 2004). The Brainarray “agronomics1tair9genecdf” Chip Definition File was used to
assign probes to genes (Brainarray). The BioConductor package Limma as well as the Rank
Products method were used to identify differentially expressed genes (Breitling et al., 2004;
Smyth, 2004). To compare gene expression with and without ERF6 induction (ERF6IOE-S
× GFPIOE), moderated Student’s t test statistics were calculated using the eBayes function,
and p-values were corrected for multiple testing using topTable (Hochberg and Benjamini,
1990). False discovery rate-corrected p < 0.05 was used as a cutoff.
Flow cytometry
For flow cytometry analysis, 16 leaves were chopped with a razor blade in CyStain UV Precise
P buffers (Partec) according to the manufacturer’s instructions. The nuclei were analyzed
with a CyFlow flow cytometer with FloMax Software (Partec).
Quantitative reverse transcription-PCR
For complementary DNA synthesis, the iScript cDNA Synthesis Kit (Bio-Rad) was used
according to the manufacturer’s instructions using 1 µg of RNA. Quantitative reverse tran-
scription-PCR was done on a LightCycler 480 (Roche Diagnostics) on 384-well plates with
LightCycler 480 SYBR Green I Master (Roche) according to the manufacturer’s instructions.
Melting curves were analyzed to check primer specificity. Normalization was done against the
average of housekeeping genes AT1G13320, AT2G32170, and AT2G28390: ∆Ct = Ct (gene)
- Ct (mean [housekeeping genes]) and ∆∆Ct = ∆Ct (control line) - ∆Ct (line of interest). Ct
refers to the number of cycles at which SYBR Green fluorescence reaches an arbitrary value
during the exponential phase of amplification. Primers were designed with the QuantPrime
Web site (Arvidsson et al., 2008; Skirycz et al., 2010).
RGA:GFP quantification
Amounts of RGA:GFP protein in either DEX-treated or nontreated ERF6IOE-S plants were
quantified by western blotting. Complete seedlings were harvested in liquid nitrogen 48
h after transfer to DEX or control medium and ground with a Retsch machine. Protein
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extraction was done by adding extraction buffer (Van Leene et al., 2007) to ground sam-
ples, followed by two freeze-thaw steps and two centrifugation steps (20,817g, 10 min, 4◦C),
whereby the supernatant was collected each time. Western-blot analysis was performed with
primary rabbit anti-GFP antibodies (Santa Cruz; diluted 1:200) and secondary horseradish
peroxidase-conjugated donkey anti-rabbit antibodies (GE Healthcare; diluted 1:10,000). A
chemiluminescence procedure (NEN Life Science Products) was used for detection.
Long-term stress exposure with IGIS
For long-term exposure to abiotic stress in combination with automated phenotypic analysis,
plants were grown on the IGIS platform in the same conditions as described in “In vitro
plant growth conditions”. The one-half-strength MS medium contained 9 g/L, and stresses
were applied by adding 25 mM mannitol (osmotic stress), 50 mM NaCl (salt stress), or 1.5
mM hydrogen peroxide (oxidative stress). The platform allows for a detailed rosette growth
analysis of in vitro-grown Arabidopsis plants and can hold up to 10 petri dishes. On each plate,
the erf5 erf6 mutant was grown next to the appropriate control (azygous for both transfer
DNA constructs). Images were captured on an hourly basis, using near-infrared technology
to visualize plants in the dark. Individual rosettes were extracted automatically by image
analysis processing. A data analysis pipeline compiles the measurements and constructs
rosette growth curves. Details about the IGIS platform will be published later.
Protoplast activation assay
The protoplast activation assay was performed as described previously (De Sutter et al., 2005;
Pauwels et al., 2010). All transformation constructs were obtained using the Gateway cloning
system, and all liquid handlings were done on the Tecan Genesis automated platform (De Sut-
ter et al., 2005). The protoplast activation assay was performed in a 3-d-old tobacco BY-2
cell culture, subcultured from a 6- to 10-d-old culture. BY-2 cells were protoplasted using a
1% cellulase (Kyowa Chemical Products) and 0.1% pectolyase (Kyowa Chemical Products)
enzyme solution in a 0.4% mannitol (Sigma) buffer. Protoplasts were then washed, counted,
and diluted to 500,000 per mL. For every transcription factor-promoter combination, 100 µL
(50,000 protoplasts) was used. To confirm direct binding of ERF5/ERF6 on the promoters of
STZ, MYB51, and WRKY33, protoplasts were cotransfected with 35S::ERF5 or 35S::ERF6
(in p2GW7) and pSTZ-fLUC, pMYB51-fLUC, or pWRKY33-fLUC (in pM42GW7). Pro-
moters were defined as the 2,000 bp upstream of the start codon. fLUC encodes the firefly
luciferase enzyme. Every protoplast sample was transfected with 2 µg per construct as well as
with 2 µg of normalization construct expressing the Renilla luciferase (rLUC) enzyme. Trans-
formed protoplasts were further grown by gentle shaking overnight in BY-2 medium to allow
expression of the constructs. The next day, the BY-2 medium was removed and protoplasts
were lysed in Cell Culture Lysis Reagent (Promega). Protoplast content was transferred to
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Nunc plates (Thermo Scientific), and fLUC and rLUC activities were measured using the Dual
Luciferase Assay (Promega) and the LumiStar Galaxy (De Sutter et al., 2005). Measured
fLUC activities were then normalized to rLUC activities.
Microarray data from this article were deposited in the Gene Expression Omnibus database
(GSE45830).
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Supplemental Figure S1. ERF5 and ERF6 are induced by abiotic stresses. (A) ERF5
and ERF6 are induced specifically in growing leaves within 1 h of mild osmotic stress exposure. Their
expression remains higher than under control conditions in very small (approx. 0.1 mm2) leaves, but
not in fully grown leaves. (B) ERF5 and ERF6 are induced by several abiotic stresses (Genevestigator
V3; Hruz et al., 2008). Log2(FC) are shown only for significantly differentially expressed genes (p <
0.05).
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Supplemental Figure S2. ERF5 and ERF6 are homologous genes and share highly-
conserved functional domains. The homologs ERF5 and ERF6 belong to group IXb within the
classification of ERF/AP2 transcription factors (Nakano et al., 2006). They share 2 Conserved Motifs
of group IXb on top of the AP2/ERF domain conserved in all ERFs.
Supplemental Figure S3. Gene structure and expression analysis of erf5 and erf6 mu-
tants. (A) Both mutants were obtained through insertional mutagenesis with insertion of the T-DNA
in the 3’UTR and in the coding sequence, respectively (Alonso et al., 2003; Wang et al., 2013). Indi-
cated values represent the coordinates, the white box represents the respective ERF gene, the black
box the T-DNA, the arrows represent the primers used for quantitative PCR. (B) Expression level
of the ERF5 and ERF6 genes in the erf5 erf6 double mutant relative to WT under control condi-
tions (=100%). Expression levels were measured in the 3rd leaf at 10 DAS under standard conditions
(Murashige and Skoog medium) and 8 and 24 h upon mild osmotic stress exposure (MS medium
supplemented with 25 mM mannitol). Error bars indicate standard errors. Three biological replicates
were performed.
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Supplemental Figure S4. Expression of ERF5, ERF6 and their targets under osmotic,
salt and oxidative stress. ERF5, ERF6 and GA2OX6 are induced in young actively growing leaves
24 h upon exposure to 25 mM mannitol (Mann) and to 1.5 mM H2O2. None of those genes are induced
by mild salt stress (50 mM) in actively growing leaves. Gene expression was measured specifically in
3rd leaves at 9 DAS + 24h, when the leaf is fully proliferating and thus actively growing.
Supplemental Figure S5. Cellular measurements of ERF6IOE-S and ERF6IOE-W. Size and
number of abaxial epidermal cells of harvested third leaves (n=3) at 12, 14 and 16 DAS. Both strong
(ERF6IOE-S) as well as weak (ERF6IOE-W) ERF6 overexpression cause a decrease in cell area, and
strong ERF6 overexpression reduces cell number by 59%.
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Supplemental Figure S6. Endoreduplication index in third leaves of plants overexpress-
ing ERF6. Upon transfer to DEX at 9 days after stratification (DAS), plants strongly overexpressing
ERF6 (ERF6IOE-S) show an increase in relative amount of cells undergoing endoreduplication, sug-
gesting that ERF6 pushes cells toward differentiation. The endoreduplication index represents the
number of endoreduplication cycles an average cell has gone through and was calculated as %4C + 2
× %8C + 3 × %16C.
Supplemental Figure S7. BinGO analysis of the putative ERF6 target genes.
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Supplemental Figure S8. Expression pattern of GA2OX genes upon ERF6 overexpres-
sion and under osmotic stress. GA2OX6 is the only GA2OX transcriptionally induced by ERF6
overexpression and by mild osmotic stress treatments (osmotic stress dataset published in Skirycz
et al., 2011a). Expression was measured with ATH1 microarrays (*) or with AGRONOMICS tiling
arrays (**).
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Supplemental Figure S9. Induction of the ERF6 targets upon ERF6 overexpression in
ERF6IOE-S and ERF6IOE-W. Expression was measured in proliferating 3rd leaves and values are
normalized to their expression in the GFP:IOE control line exposed to the same treatment. Error bars
indicate standard errors.
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Supplemental Figure S10. Induction of GA2OX6 in the erf5 erf6 double mutant following
osmotic stress exposure. Expression level of GA2OX6 in the erf5 erf6 double mutant relative to
WT under control conditions (=100%). Expression levels were measured in the 3rd leaf at 10 DAS
under standard conditions (Murashige and Skoog medium) and 8 and 24 h upon mild osmotic stress
exposure (MS medium supplemented with 25 mM mannitol). Error bars indicate standard errors.
Three biological replicates were performed.
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Supplemental Figure S11. ERF6 is transcriptionally induced by ERF6 itself and not by
EIN3 and EIL1. (A) ERF6-dependent activation of the promoter of ERF6 itself by the protoplast
activation assay. Indicated values are luciferine detection levels normalized to the negative control. **
= significantly different from control at respectively 1% significance level. Error bars indicate standard
errors, 8 biological repeats were performed. (B) Expression level of ERF6 in the ein3 eil1 double
mutant relative to WT under control conditions (=100%). Expression levels were measured in the 3rd
leaf at 10 DAS under standard conditions, and 8 and 24 h upon mild osmotic stress exposure (25 mM
mannitol). Error bars indicate standard errors. Two biological replicates were performed.
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In vitro stress assays are commonly used to expose plants to abiotic stress, and
to assess stress tolerance. A literature review reveals that most studies use very
high stress levels, and assess criteria such as germination, plant survival, or de-
velopment of visual symptoms such as bleaching. However, we show that these
parameters are indicators of very severe stress, and such studies thus only provide
incomplete information about stress sensitivity. Similarly, transcript analysis re-
vealed that typical stress markers are only induced at high stress levels in young
seedlings. Therefore, tools are needed to study the effects of mild stress. We
found that the commonly used stress-inducing agents mannitol, NaCl and H2O2
impact shoot growth in a highly stress-specific and dose-dependent way, with im-
plications for stress physiology. Therefore, shoot growth is a sensitive, relevant
and easily measured phenotype to assess stress tolerance over a wide range of
stress levels.
Introduction
To study the effects of abiotic stress on plants, in vitro set-ups are often used as a proxy for
the complex field environments in which plants are subjected to stress. These experimental
set-ups are based on the addition of compounds to the growth medium. Drought is for
instance simulated by adding osmotica, such as mannitol, sorbitol or polyethylene glycol
(PEG) (Verslues et al., 2006). These compounds do not affect growth and development
directly, but instead lower the water potential of the medium. This makes it harder for plants
to extract water, simulating what happens in drying soil. Similarly, NaCl can be added
to the medium to expose plants to salt stress, which is a combination of osmotic stress, as
NaCl also lowers the water potential of the medium, and Na+ toxicity, mainly important at
high NaCl concentrations (Munns and Tester, 2008). To simulate general oxidative stress,
occurring for instance under high light conditions, the medium is supplemented with H2O2
or paraquat/methyl viologen (MV), which induces the formation of the toxic reactive oxygen
species (ROS) O–2 in plant tissues (Slade, 1966).
However, these artificial set-ups are inherently imperfect. Mannitol can be taken up by plants
and accumulates in the cell wall, thereby withdrawing water only from the protoplast and
not from the apoplast as well as happens under drought (Hohl and Schopfer, 1991; Verslues
et al., 2006). At high concentrations, mannitol can also induce plasmolysis, during which
the protoplast shrinks and gaps appear between the cell wall and the plasma membrane,
which is highly toxic (Munns, 2002). The use of high-molecular weight compounds, such as
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PEG, that are not taken up by plants, avoids this problem, but is associated with toxicity
due to contaminants and decreased oxygen availability in PEG-infused medium (Plaut and
Federman, 1985; Verslues et al., 2006). At low concentrations, PEG and mannitol nonetheless
appear to have very similar effects on leaf growth of Arabidopsis (Skirycz et al., 2010). Salt
is thought to behave similar to low molecular weight osmotica, but Na+ and Cl– accumulate
within the cell, and at high concentrations have direct toxic effects on enzyme activity and
cellular integrity (Munns and Tester, 2008). It is important to note that under conditions
with low transpiration, such as in sealed agar plates, ion accumulation and the associated
toxic effects are most likely less severe in the shoot (Verslues et al., 2006; Munns and Tester,
2008). Finally, although there does not appear to be a theoretical basis for H2O2 uptake, it
has been shown to induce known ROS-triggered transcriptome responses (Rentel and Knight,
2004; Cheng et al., 2013). ROS are thought to accumulate in response to and play a role
in all stress responses, and while they cause acute cellular toxicity through DNA damage,
protein oxidation and lipid peroxidation, they also have a signaling function (Gill and Tuteja,
2010; Mittler et al., 2011). Despite the shortcomings of compounds such as mannitol, salt
and H2O2 to simulate abiotic stress, they offer practical advantages, such as tight control
of stress level and onset, low variability, and the ability to grow many plants using limited
space (Verslues et al., 2006; Lawlor, 2013). Consequently, much of our current knowledge on
stress physiology in Arabidopsis (Arabidopsis thaliana) is based on the use of these types of
artificial stress conditions, and this resulted in the identification of many genes that enhance
stress tolerance (Munns and Tester, 2008; Gill and Tuteja, 2010; Deikman et al., 2012).
An aspect that is usually underestimated in studies on stress physiology is the great variety
in stress levels. Often, stress is seen as a binary condition, comparing an arbitrary ‘stress’
treatment to a ‘control’. However, in natural and field conditions, plants often experience
a wide variety of stress levels, requiring a range of different response mechanisms. For in-
stance, life-threatening drought is very different from a transient mild water deficit, and thus
elicits different responses (Claeys and Inze´, 2013). Therefore, genes that confer tolerance to
severe stress may not enhance the response under more mild stress conditions (Skirycz et al.,
2011b). To address this issue, we performed a quantitative survey of the scientific literature
on Arabidopsis stress physiology using in vitro assays, and for each relevant publication we
determined which stress level and what types of phenotyping were used to assess stress re-
sponses. Based on the results of this survey, we exposed Arabidopsis seedlings to a wide
range of salt, osmotic and oxidative stress, tracking germination and growth over time, and
measuring the expression of marker genes. These experiments confirmed that there is a highly
dose-dependent response of plants to stress, the nature of which depends on the type of stress,
and that shoot growth is a very sensitive indicator of stress. Furthermore, current marker
genes for stress are only induced at very severe stress levels, and novel mild stress markers
are needed.
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Results
Most studies use very high concentrations of stress-inducing agents
To get an idea of which concentrations are commonly used in literature, PubMed abstracts
and open-access articles from PubMed Central available through the text mining resource
EVEX (Van Landeghem et al., 2013a,b) were scanned for keywords related to salt, osmotic
and oxidative stress in Arabidopsis, and concentrations of NaCl, mannitol, sorbitol and H2O2
used in stress assays were automatically extracted, followed by manual curation. Our analysis
showed that most studies use very severe stress conditions, with median concentrations of
150 mM NaCl, 300 mM mannitol/sorbitol and 10 mM H2O2 (Figure 1A). Often a range of
concentrations is used, but this range usually only starts at high concentrations (typically 50
mM for NaCl and 100 mM for mannitol/sorbitol). Accordingly, when all ranges are reduced
to their average, the overall medians do not change (data not shown). For all papers in which
stress tolerance was assessed, we also analysed the phenotypes that were used to quantify
this trait (Figure 1B). The distribution of concentrations used in this subset was the same
as in the overall dataset (data not shown). These phenotypes were divided in three major
categories: germination/survival tests, assessment of plant health (usually based on overall
plant morphology and the appearance of bleaching), and growth measurements. This analysis
showed that most studies (almost 60%) measure germination or survival after treatment with
stress-inducing agents, while less than half look at growth parameters. When growth is
assessed, this is in most cases on the basis of root length measurements. Our observations
clearly show that most published studies expose plants to very high levels of stress-inducing
agents, and accordingly record phenotypes that are associated with very severe stress.
Different parameters show varying sensitivities to abiotic stress
In order to study the effects of low to high doses of common stress-inducing agents, we
germinated Arabidopsis Col-0 seeds on a wide range of concentrations of mannitol, NaCl
and H2O2, and measured germination rate, root length at 12 days after stratification (DAS),
rosette area at 22 DAS, and the extent of bleaching and other visible stress symptoms at 22
DAS. For all stresses, it is clear that these four parameters show very different sensitivities to
the stress level (Figure 2). Germination was not affected by the concentrations of mannitol and
H2O2 we tested (up to 300 mM mannitol and 2.5 mM H2O2), while it was strongly inhibited
by NaCl concentrations of 200 mM and more. Visible stress symptoms, such as bleaching
and anthocyanin accumulation, were more sensitive to NaCl and H2O2 than germination,
occurring from 75 mM NaCl or 1 mM H2O2 onward. Mannitol did not elicit these responses.
Growth was the most sensitive parameter we tested, and for osmotic and salt stress, shoot
growth was more strongly inhibited than root growth. These results indicate that shoot
growth can be used as a very sensitive indicator of abiotic stress.
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Figure 1: Literature study of in vitro stress assays. (A) Concentrations of NaCl and man-
nitol/sorbitol used to impose salt and osmotic stress on Arabidopsis in PubMed Central open-access
articles (N = 216). The median is indicated with a black line. (B) Phenotypes recorded to assess
stress tolerance in PubMed Central open-access articles (N = 106). The different types of growth
measurements are further broken down in the diagram on the right.
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Figure 2: Sensitivity of germination, overall plant health, root length and rosette area
to abiotic stress. Root length (N = 20-24) and rosette area (N = 30-36) are expressed relative to
non-treated plants. For germination rate and plant health (as scored by appearance of visual stress
symptoms such as bleaching and anthocyanin accumulation), data comes from three independent
experiments. Error bars indicate SE.
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Mannitol, salt, and H2O2 induce strong dose-dependent growth responses
To get a more accurate view of the effect of the different stresses on shoot growth, we tracked
rosette area over time, allowing calculation of relative growth rates (RGR). While all com-
pounds induce strongly dose-dependent responses, the relationship between concentration and
growth response differed significantly between different types of stress.
Mannitol had a drastic influence on the final rosette area, an effect which was already ap-
parent from 5 mM mannitol onward, and leveled off toward high concentrations (Figure 3A).
Above 25 mM, plants exhibited aberrant and elongated leaf shapes. At very high concentra-
tions, plants were very small, dark green and compact, but still had positive growth rates,
indicating that they were still alive. Rosette compactness, which was defined as the fraction
of rosette area compared to the convex hull, also strongly responded to osmotic stress, and at
higher stress levels rosettes became more compact (Figure 3A, inset). The strongest effects of
mannitol on growth rates were seen at early time points (Figure 3B). At the first time point, 8
DAS, the RGR behaved as a quadratic function of the mannitol concentration, illustrating the
drastic decrease in growth rates with increasing mannitol concentrations. This relationship
was relaxed at later time points for low mannitol concentrations (up to 50 mM), indicating
acclimation of growth to osmotic stress.
Salt stress induced a very different response: low concentrations (up to 25 mM) had little effect
on growth (Figure 3C). This is remarkable, because the osmotic potential of a NaCl solution is
twice that of a mannitol solution at the same concentration. However, once the NaCl concen-
tration exceeded 25 mM, growth was strongly inhibited, and compactness sharply increased.
These dose-dependent effects were confirmed when analyzing RGR of young seedlings: at low
concentrations, RGRs were not affected, while at higher concentrations, the RGR quickly
decreased as a quadratic function of the concentration (Figure 3D). As for mannitol treat-
ment, this quadratic relationship relaxed for low NaCl concentrations as seedlings got older,
reflecting acclimation.
Finally, H2O2 had a very striking effect on plant health as it induced bleaching (Figure 3E).
Bleaching seemed to be a binary trait with a threshold that was at 1 to 1.25 mM H2O2; at this
Figure 3 (following page): Effects of stress on rosette growth. (A,C,E) Projected rosette
area at 22 DAS (final timepoint) with representative pictures of plants for a range of mannitol, NaCl
and H2O2 concentrations. The top right inset shows rosette compactness. For H2O2 treatment, the
inset at the bottom left shows rosette areas (dots) and their averages (lines) grouped by presence (red)
or abscence (black) of substantial bleaching. (B,D,F) Relative growth rates in function of the stress
level at 8 DAS (red), 15 DAS (blue) and 22 DAS (green). (C-D) At NaCl concentrations > 150 mM,
germination or seedling establishment was inhibited, so no growth data could be obtained for these
concentrations, as represented by a dashed line on the graph. (A-F) Error bars indicate SE. The
letters above the error bars denote significance groups (ANOVA; p < 0.05; N = 30-36).
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concentration, some plants were fully bleached, while others appeared to be normal. While
bleaching strongly affected plant growth, growth was also inhibited when plants were exposed
to low concentrations of H2O2 that did not induce bleaching (Figure 3E, inset at bottom
left). Interestingly, the bleaching-independent growth inhibition increased in a linear fashion
with increasing H2O2 concentration. By contrast, rosette compactness was only impacted by
high H2O2 concentrations (Figure 3E, inset at top right). Bleached plants showed a strong
reduction in growth rates over time, as can be seen when looking at growth rates of plants
grown on concentrations exceeding 1 mM H2O2 (Figure 3F). A possible explanation for this
lies in the fact that bleaching is progressive and abolishes efficient photosynthesis, and the
sucrose supplied in the medium can only sustain plant growth for a short period of time. This
is different from osmotic and salt stress, which showed a relief of growth inhibition over time
due to acclimation.
Gene expression shows similar dose-dependent responses
As many stress-responsive genes have previously been published, we analyzed whether their
expression patterns show similar dose-dependent responses as those observed in our growth
experiments. We performed these analyses on young seedlings, as for mannitol and salt
treatment growth rates partially recovered at lower concentrations, and we wanted to look at
the time when the effects on growth rates were most pronounced. For H2O2-treated plants,
this early time point allowed us to sample before extensive bleaching set in in order to still
look at early responses in relatively healthy tissues. For all types of stress, we measured gene
expression levels of oxidative stress markers (NAC032 and AKR4C9 ; Vanderauwera et al.,
2005), abscisic acid (ABA) markers (CYP707A3 and NCED3 ; Goda et al., 2008), dehydration
markers (RD29B, DREB2A and LEA5 ; Kilian et al., 2007), and mild osmotic stress markers
(ERF5, MYB51 and WRKY33 ; Dubois et al., 2013) (Figure 4).
The oxidative stress markers were the only transcripts that responded to all three stresses,
confirming that all stresses share an oxidative stress component (Gill and Tuteja, 2010), but
this only occurred at high concentrations (≥100 mM mannitol, ≥75 mM NaCl or ≥1.25 mM
H2O2). Very high levels of salt and osmotic stress also induced ABA markers and dehydration
markers, although the expression of the latter was highly variable, but these were not induced
by low stress levels. Finally, the mild osmotic stress markers were indeed confirmed to be
specific for osmotic stress in young seedlings, and already responded to very low concentrations
of mannitol.
This analysis shows that already with a limited set of stress markers, different stress levels
have unique combinations and expression levels of stress-responsive genes, indicating that the
transcriptome response is strongly dependent on the stress level.
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Figure 4: Effects of stress on expression of selected marker genes. Levels of oxidative stress
markers (NAC032 and AKR4C9 ), ABA markers (CYP707A3 and NCED3 ), dehydration markers
(LEA5, RD29B, and DREB2A), and mild osmotic stress markers (ERF5, WRKY33, and MYB51 ) in
complete seedlings are represented as log2(fold change) compared to non-stressed plants. Significant
changes compared to non-stressed plants (ANOVA; p < 0.05; N = 3) are indicated with asterisks.
Discussion
Shoot growth as an indicator of stress sensitivity
Many published studies on stress signaling expose plants to very high stress levels (median
concentrations of 150 mM NaCl and 300 mM mannitol), and score very pronounced phe-
notypes such as germination rate, seedling survival or bleaching. To illustrate this, rosette
area was reduced by more than 95% when we exposed plants to these high concentrations
of mannitol and NaCl, and salt-stressed plants showed additional symptoms of severe stress
such as bleaching. However, plants often experience stresses that are not immediately life-
threatening, but that do impact growth and productivity (Claeys and Inze´, 2013). Here, we
confirmed that very low stress levels can already severely limit shoot growth without leading
to other visible stress phenotypes, as was shown in previous reports (Granier et al., 2006;
Harb et al., 2010; Skirycz et al., 2010, 2011a; Baerenfaller et al., 2012). These results indicate
that shoot growth can be used as a sensitive indicator of stress tolerance, while root growth,
which is more commonly measured, is much less sensitive to abiotic stress (Hsiao and Xu,
2000; Verslues et al., 2006). Phenotypes such as germination rate and root growth are most
commonly recorded, potentially because this type of measurements is perceived to be less
labor-intensive than measuring shoot growth. However, by regularly taking pictures of plates
or pots containing plants, shoot growth can easily be tracked over time at the rosette level.
Moreover, several experimental set-ups have been specifically designed to automatically track
rosette growth under control and a range of mild stress conditions, both in soil and in vitro
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(Granier et al., 2006; Skirycz et al., 2011b; Dubois et al., 2013). Additionally, at the end
of the experiment, individual leaf areas and cellular parameters can be measured, providing
very detailed information on the impact of stress on growth. This allows to study responses
to mild stress, at which point commonly recorded stress phenotypes are not yet affected.
Current stress marker genes are indicators of severe stress in young seedlings
For all three stresses, the expression of a number of known stress-induced genes was measured
in young seedlings. Although there is considerable interaction between developmental stage
and stress response (Skirycz et al., 2010; Claeys and Inze´, 2013), complete seedlings were
profiled to allow comparison with the majority of published studies. Salt and osmotic stress
led to the induction of dehydration and ABA markers, but only at very high stress levels
that caused visible stress phenotypes and oxidative stress, indicating that there most likely
already was cellular damage. The molecular response to mild osmotic stress is very different,
as was previously shown (Skirycz et al., 2010, 2011a), and marker genes taken from these
studies, such as ERF5, WRKY33 and MYB51, are indeed good indicators that are already
induced at very low stress levels. However, they are specific for osmotic stress, and are not
induced by salt stress, although this stress also has an osmotic component.
While some studies attempted to study molecular responses at different stress levels, this is
usually done in progressive soil-drying experiments (see e.g. Cramer et al., 2007; Harb et al.,
2010; Bonhomme et al., 2012), where the time factor cannot be separated from the stress
severity factor. To our knowledge, no dedicated controlled studies have been performed on
the effects of stress severity on gene expression. Based on the data presented here for osmotic
stress, we postulate that there may not be a simple linear response in which expression of
individual genes correlates with the stress level, but that different stress levels to some extent
switch on entirely different transcriptomes. This is similar to what is seen when different
stresses are combined, resulting in transcriptome changes that are different from those induced
by single stresses (Rizhsky et al., 2004; Rasmussen et al., 2013).
Osmotic, salt and oxidative stress elicit very different growth responses
While all three stress-inducing compounds affect growth, there are major differences in the
extent and kinetics of growth inhibition. Plant growth is extremely sensitive to osmotic stress,
and growth rates drop rapidly when plants are exposed to low concentrations of mannitol, but
this effect levels off as mannitol levels increase. By contrast, low concentrations of NaCl have
little effect on plant growth, but growth inhibition increases as NaCl levels rise, up to a point
where germination and seedling establishment are completely inhibited. This fits with earlier
observations showing that growth is much more sensitive to water deficit than to salinity at
equivalent water potential (Cramer et al., 2007). These differences are very interesting as
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salt and osmotic stress are often grouped together because they share an osmotic component
(Munns, 2002). However, the transcriptome responses to salt and osmotic stress have been
found to exhibit only limited overlap (Kreps et al., 2002; Zeller et al., 2009), and the signaling
pathways involved are also distinct (Chinnusamy et al., 2004). Accordingly, it was shown
that major regulators of the response to osmotic stress do not play any role in the response to
mild salt stress (Dubois et al., 2013). Plants thus seem to have evolved specific mechanisms
to tolerate low levels of NaCl. A possible evolutionary explanation for this could be that salt
is present in many soils, but mostly remains stable over a growing season. Drought on the
other hand, to which osmotic stress is most similar, is usually progressive, and shoot growth
inhibition is a primary drought response as the plant prepares itself for the worst and wants
to limit water loss (Claeys and Inze´, 2013). For a stable stress like mild salinity, this is not
necessary, and the plant can immediately activate the appropriate tolerance mechanisms to
allow growth. The response to H2O2 is more complicated due to the induction of bleaching,
but our analysis shows that bleaching-independent growth inhibition increases linearly with
the H2O2 concentration. Finally, our gene expression data confirms that severe osmotic and
salt stress induce oxidative stress, and this contributes to stress responses, both by inducing
damage and by playing a role in signaling (Gill and Tuteja, 2010; Mittler et al., 2011). Thus,
although all abiotic stresses are often grouped and share certain underlying components,
plants respond to these stresses very differently.
What is stress?
The effects of plant growth and gene expression in response to stress are highly dose-responsive,
suggesting the existence of very sensitive machinery assessing the level of the stress and fine-
tuning molecular responses. Our findings have important consequences for studying stress
physiology. To assess whether plants are ‘stressed’, researchers often rely on strong visible
stress phenotypes or induction of established stress markers. This strategy can be especially
misleading when used to assess whether the growth of mutant or transgenic lines is impacted
by changes in stress signalling pathways, as we show here that growth can be strongly inhib-
ited without classical signs of stress.
The study of stress responses in plants has thus far mainly focused on severe and acute stress.
However, stress is traditionally defined as any adverse environmental parameter that limits
plant growth and productivity (Boyer, 1982), and these effects can be very subtle. The current
understanding of the molecular networks underlying growth and survival responses to stress
is still limited, but this regulation is most likely highly complex and dependent on parameters
such as stress severity, organ or cell identity and developmental stage (Claeys and Inze´, 2013).
By tracking sensitive parameters such as shoot growth over a range of stress levels, rather
than traditional severe stress parameters such as germination, visible stress symptoms or root
growth, a more accurate picture may be obtained of the stress sensitivity of, for instance, an
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ecotype or a transgenic line. As it is becoming increasingly clear that there is no magic bullet
that will improve stress tolerance in all conditions (Tardieu, 2012; Claeys and Inze´, 2013),
tools to study resilience of growth in response to mild stress are needed to improve stress
tolerance.
Materials and methods
Plant growth
Seedlings of Arabidopsis thaliana (L.) Heyhn. accession Columbia-0 (Col-0) were grown in
vitro in half-strength Murashige and Skoog medium (Murashige and Skoog, 1962), supple-
mented with 1% sucrose for all experiments, and different concentrations of D-mannitol
(Sigma-Aldrich), NaCl (VWR) or H2O2 (Merck) depending on the experiment. For most
experiments, twelve seeds were equally distributed on a 150-mm diameter plate, while for
root growth experiments, eight seeds were equally distributed on a plate that was placed
vertically. Plants were grown at 21◦C under a 16-h day (110 µmol m−2 s−1) and 8-h night
regime. Three biological replicates were performed for each experiment.
Measurement of germination, growth and development
Germination (including successful seedling establishment) and symptoms of severe stress,
such as the presence of bleaching or purple spots, were scored at 22 DAS. At this time
point, pictures were taken of each plate, and projected rosette areas were measured using
ImageJ v1.46 (NIH; http://rsb.info.nih.gov/ij/). For root growth, pictures were taken
at 12 DAS, and the primary root length was measured using ImageJ. Germination rates
and proportion of healthy plants are averages over the three experiments. For rosette and
root growth, ANOVA showed that the experiment effect was not significant. Therefore,
experiments were combined, and the presented data is from 30-36 plants for rosette area and
20-24 plants for root length.
Rosette growth analysis
Pictures were taken of each plate at 8, 11, 13, 15, 18, 20 and 22 DAS. Projected rosette areas
were measured semi-automatically using ImageJ after background subtraction (rolling ball
radius set to 100) and conversion to binary images. For bleached plants, rosette outlines were
traced manually if necessary due to the lack of contrast. Rosette compactness was calculated
by dividing rosette area by the area of the convex hull, which were both measured using
ImageJ. Growth was modeled in SAS 9.3 using linear mixed models. Due to the lack of
significant experiment effects, the experiment factor was excluded from the model. Different
types of models were tested, and for all experiments, a linear model with random intercepts
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and slopes in which the mean natural logarithm-transformed rosette area was expressed as a
second-order function of time, using the concentration as a factor, showed the best fit to the
experimental data. Relative growth rates were then calculated as the first-order derivative of
the resulting function. All other statistical analyses were performed in R (version 2.10.1).
Gene expression analysis
At 8 DAS, 12 complete seedlings were harvested for a single plate. Three biological replicates
were performed. RNA was extracted with TriZol (Invitrogen), followed by a clean-up step with
the RNeasy Mini Kit (Qiagen) including on-column DNase I (Qiagen) treatment according to
the manufacturer’s instructions. cDNA was synthesized with the iScript cDNA synthesis kit
(Bio-Rad) according to the manufacturer’s instructions, starting from 1 µg of RNA. Primers
were designed with QuantPrime (Arvidsson et al., 2008). qRT-PCR was performed on a
LightCycler 480 (Roche Diagnostics) in 384-well plates with LightCycler 480 SYBR Green I
Master (Roche) according to the manufacturer’s instructions. Melting curves were analyzed
to check primer specificity. Expression values of AT1G13320, AT2G32170 and AT2G28390
were used for normalization (Czechowski et al., 2005).
Text mining
To facilitate our literature analysis of compound concentrations used in previously published
studies, we have implemented custom text mining methods. These methods were applied on
all 22 million PubMed abstracts and 460,000 PubMed Central Open Access full-text articles
available through the text mining resource EVEX (Van Landeghem et al., 2013a,b). Texts
were restricted to studies on Arabidopsis through a keyword search, and articles that men-
tioned abiotic stress, salt stress, osmotic stress or oxidative stress were identified, performing
case-insensitive matching throughout the article text and allowing for lexical variations such
as hyphens. The resulting set of articles was processed with a novel rule-based text mining
algorithm which attempts to find patterns of the form <QUANTITY MEASURE COM-
POUND> such as “100 mM NaCl” or <COMPOUND QUANTITY MEASURE> such as
“NaCl, 100 mM”, ignoring punctuation marks such as commas and parentheses. To identify
the 4 compounds of interest (salt, hydrogen peroxide, mannitol and sorbitol), a list of syn-
onyms was compiled to be used during pattern matching, including for instance the words
“salt”, “NaCl” and “sodium chloride”. Similarly, a list of candidate terms describing units of
measurement, such as “mM”, “millimolar”, “micromolar” and “molar” was applied. In a final
step, all data was verified and corrected manually to ensure high quality.
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Preface
The previous chapters exclusively dealt with the response of plants to osmotic stress, with a
focus on processes occurring in proliferating leaves. In this chapter, we switch gears a bit. One
of the main interests during my PhD was the role of GAs and DELLAs in growth regulation,
not only specifically under stress conditions, but also during “normal” leaf development. To
this end, we generated the 35S::gai-GR line that was used in Chapter 4, and we performed a
microarray analysis on proliferating leaves of induced 35S::gai-GR plants, which was briefly
presented in Chapter 1. This revealed that DELLAs inhibit many genes that have a positive
role in leaf growth and development, and the gene that responded most strongly (and very
quickly) to DELLAs was KLU. When I started reading about this gene, it caught my attention
that its exact function in growth promotion was still largely unknown. By chance, 35S::KLU
lines had been generated in the lab a few years before, for a different project, but these had
not been analyzed in detail as their phenotype was initially seen as disappointing at that
time. We started some experiments on this line, and as it turned out, their phenotype was in
fact very interesting – and that is how this chapter was born.
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CYP78A5/KLUH (KLU ) is an important regulator of plant growth, and encodes
a plant-specific cytochrome P450 that stimulates cell proliferation during leaf,
flower, seed and fruit development. However, the molecular mechanism through
which KLU promotes growth is currently unclear. Here, we show that Arabidop-
sis plants ectopically overexpressing KLU have auxin deficiency phenotypes such
as impaired lateral root growth, show decreased expression of auxin-responsive
genes, and exhibit a reduction in IAA levels. We also provide evidence for a
potential interaction between KLU and the IAA biosynthetic enzyme NIT1. Fur-
thermore, KLU overexpression confers partial insensitivity to IAA and NAA, but
not to the structurally different synthetic auxins 2,4-D and picloram. Therefore,
we postulate that KLU inactivates auxins, thereby explaining its negative effect
on leaf initiation and development. Using in vitro assays, we eliminated IAA and
NAA as direct substrates of KLU, suggesting that KLU acts on an IAA conjugate
to reduce active IAA levels, and thus stimulates cell proliferation. Finally, KLU
was found to be DELLA-regulated, and therefore may function as a pivotal link
between gibberellins and auxins in the regulation of organ growth.
Introduction
Land plants contain large families of cytochromes P450 (P450s), which are heme-containing
membrane-associated enzymes that catalyze very diverse reactions in processes ranging from
hormone biosynthesis to secondary metabolism (Bak2011). For many P450s, genetic anal-
ysis has uncovered the biological process they are involved in, but the substrate often re-
mains unknown and cannot be deduced from the sequence (Bak et al., 2011). One of these
P450 families with unknown molecular function is the CYP78A subfamily, consisting of six
genes in Arabidopsis (Arabidopsis thaliana), termed CYP78A5 to CYP78A10. Genetic stud-
ies have shown that CYP78A proteins promote cell proliferation during organ development.
CYP78A5/KLUH (KLU) stimulates seed, leaf and flower growth, and acts to some extent re-
dundantly with CYP78A7 (Anastasiou et al., 2007; Wang et al., 2008; Eriksson et al., 2010),
CYP78A6/ENHANCER OF da1-1 3 (EOD3) and CYP78A10 promote seed growth (Fang
et al., 2012; Yang et al., 2013), and CYP78A9 promotes both ovule and seed development
(Ito and Meyerowitz, 2000; Sotelo-Silveira et al., 2013). As the effects of the different Ara-
bidopsis CYP78As on organ growth correlate very well with their highly specific expression
profiles [based on the eFP browser (Winter et al., 2007)], all CYP78As likely perform a simi-
lar molecular function. Accordingly, ectopic overexpression of CYP78A5 and CYP78A9 from
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the CaMV 35S promoter results in highly similar pleiotropic phenotypes (Zondlo and Irish,
1999; Sotelo-Silveira et al., 2013).
CYP78A function is conserved in land plants, and probably arose early during evolution, as
CYP78A27 and CYP78A28 have been identified as functional KLU orthologs in the moss
Physcomitrella patens (Katsumata et al., 2011). The rice (Oryza sativa) ortholog of KLU,
CYP78A11/PLASTOCHRON1 (PLA1), also affects leaf growth and development (Miyoshi
et al., 2004), and overexpression of its closely related paralog GIANT EMBRYO (GE) en-
hances growth and grain yield by increasing seed size (Yang et al., 2013). Additionally, the
expression pattern of CYP78A1 in maize (Zea mays) is very similar to the expression pat-
tern of KLU (Imaishi et al., 2000). Finally, the tomato (Solanum lycopersicum) ortholog of
KLU played a major role in increasing fruit size during domestication, and downregulation
of SlKLU leads to strongly reduced leaf, seed and fruit size (Chakrabarti et al., 2013).
CYP78A5/KLU is the best-studied member of the CYP78A subfamily. It is expressed specifi-
cally at the boundary between the shoot meristem and developing organ primordia, suggesting
a role in meristem function or organ development (Zondlo and Irish, 1999). In a mutant screen
for plants with small flowers, CYP78A5 was identified as a regulator of organ size, and the
resulting smaller mutant was given the name kluh, which is the inverse of Hulk, in reference
to the big green monster from the comics (Anastasiou et al., 2007). Accordingly, KLU was
found to promote leaf and flower growth by stimulating cell proliferation, for which its en-
zymatic activity is crucial (Anastasiou et al., 2007). Loss of KLU function also shortens the
plastochron, leading to an increased number of leaves (Wang et al., 2008). Arabidopsis leaves
and derived floral organs develop in several distinct phases (reviewed by Gonzalez et al., 2012;
Krizek and Anderson, 2013). In the early phases, growth is driven exclusively by cell division.
Later during development, cells at the leaf tip stop proliferating and start expanding, creating
a cell division arrest front (AF) that moves from the tip to the base, until all growth is driven
by cell expansion (Andriankaja et al., 2012). KLU was shown to affect and possibly determine
the position of this AF (Anastasiou et al., 2007; Kazama et al., 2010). However, it was also
demonstrated that KLU can act non-cell-autonomously, and as the protein itself is anchored
to the endoplasmic reticulum (ER), KLU is thought to generate a mobile growth-promoting
signal (Anastasiou et al., 2007; Eriksson et al., 2010) traveling over large distances, since
KLU activity is integrated not only between floral organs within one flower, but also within
inflorescences (Eriksson et al., 2010). It nevertheless remains unclear how this long-distance
signaling function can be reconciled with the short-distance determination of AF position in
the development of individual organs.
The nature of the substrate of KLU, and thereby the molecular connection to cell proliferation,
is still unknown. Microarray analysis of plants with inducible expression of KLU revealed no
overlap with transcriptome responses to known hormones, suggesting that the KLU-derived
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signal is novel (Anastasiou et al., 2007). Nevertheless, changes in indole-3-acetic acid (IAA),
cytokinin (CK) and abscisic acid (ABA) levels have been found in response to manipulation
of KLU levels in several species (Kawakatsu et al., 2009; Lohmann et al., 2010; Katsumata
et al., 2011). However, these changes were inconsistent between different studies and may thus
be secondary. Such analyses are also further complicated by the highly specific expression
domain of KLU. Based on homology, the substrate of KLU was predicted to be fatty acid-
derived (Anastasiou et al., 2007), and in vitro assays have indeed shown that KLU and its
maize ortholog CYP78A1 can catalyze ω-hydroxylation of lauric acid (Imaishi et al., 2000;
Kai et al., 2009). Nonetheless, it is unclear whether this activity reflects its natural role and
how it could contribute to the observed phenotypes. Likewise, the Arabidopsis KLU paralog
CYP78A9 was predicted to function in flavonoid biosynthesis. However, while CYP78A9 -
overexpressing plants exhibited increased flavonoid levels, abolishing flavonoid biosynthesis
did not alter their phenotype (Sotelo-Silveira et al., 2013).
In this study, we report that KLU most likely promotes auxin inactivation. Consequently,
35S::KLU plants are less sensitive to IAA and 1-naphthaleneacetic acid (NAA), but not
to the structurally different synthetic auxins 2,4-dichlorophenoxyacetic acid (2,4-D) and 4-
amino-3,5,6-trichloro-2-pyridinecarboxylic acid (picloram). Furthermore, 35S::KLU plants
have a lower IAA content and show auxin-deficit phenotypes. Using in vitro enzyme assays,
a number of potential substrates, such as IAA and NAA, could be ruled out, but the exact
nature of the substrate remains subject for further investigation.
Results
Ectopic overexpression of KLU not only affects shoot growth, but also in-
hibits lateral root development
To study the function of KLU, we generated Arabidopsis lines overexpressing KLU either ec-
topically (35S::KLU) or in the native expression domain (pKLU::KLU). These lines were an-
alyzed along with a T-DNA insertion mutant, klu, with severely reduced KLU expression. In
accordance with previous reports (Anastasiou et al., 2007), klu rosettes contained more leaves,
but these were smaller due to a reduction in cell number (Figure 1A). Both overexpression
constructs led to increased cell numbers, but with opposite effects on leaf growth: pKLU::KLU
rosettes and leaves were significantly larger, while 35S::KLU leaves were much smaller due to
a dramatic reduction in cell size (Figure 1A). The previously reported pleiotropic phenotype
of 35S::KLU plants was also confirmed (Zondlo and Irish, 1999), as plants were taller, showed
stem twisting, and exhibited altered architecture with less branching (Supplemental Figure
S1).
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We also uncovered a previously undescribed phenotype: 35S::KLU plants showed a strong
reduction in both the number and length of lateral roots (Figure 1B). Lateral roots of
pKLU::KLU and klu plants were not visually affected (Figure 1B), consistent with the obser-
vation that KLU expression is shoot-specific. Analysis of lateral root primordia revealed that
lateral root initiation is not affected in 35S::KLU plants, but that there is a developmental
arrest during the early stages of lateral root development (Figure 1B). As expected, mutation
of KLU had no consistent effect on the number and distribution of lateral root primordia
(Supplemental Figure S2).
Figure 1: Growth phenotypes conferred by KLU knock-out or overexpression. (A) Rosette
area, leaf number, area of leaf 3, pavement cell number and average pavement cell area in the abaxial
epidermis of leaf 3 for klu, 35S::KLU and pKLU::KLU, all represented as relative change compared to
WT. For each line, a representative plant is depicted. Scale bar indicates 2 cm. (B) Average number of
root primordia at each stage per root for WT and 35S::KLU. Stages range from I to VII, as defined by
Malamy and Benfey (1997). NE, non-emerged primordia (total of stages I-VII); E, emerged primordia;
T, total number of primordia. Representative roots of each genotype are shown on the right. Scale
bar indicates 1 cm. (A-B) Significant differences (t-test; p < 0.05; N = 12) are indicated with an
asterisk. Error bars represent SE.
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Auxin and cytokinin levels are disturbed by KLU overexpression
To better understand the effect of KLU on shoot growth, complete wild-type (WT) and
35S::KLU rosettes [stage 1.03; 12 days after stratification (DAS)] were subjected to transcrip-
tome analysis using ATH1 arrays. In line with the pleiotropic phenotype, 1,778 genes were dif-
ferentially regulated in 35S::KLU shoots compared to WT (Supplemental Dataset S1). Among
downregulated transcripts, GO overrepresentation analysis using BiNGO (Maere et al., 2005)
revealed a highly significant enrichment for genes involved in auxin, CK and brassinosteroid
signaling, and fatty acid biosynthesis (Table 1, Supplemental Tables S1 and S2). The upreg-
ulated genes were largely related to stress signaling (Table 1, Supplemental Tables S1 and
S2). A subset of cytokinin-, auxin- and stress-responsive genes were selected to test their
differential expression by qRT-PCR in very young developing leaves, where KLU is normally
active, of WT, klu and 35S::KLU plants (Figure 2A). All cytokinin-responsive genes were
confirmed to be downregulated in microdissected leaves of 35S::KLU plants. However, only
some auxin-responsive genes showed downregulation in 35S::KLU leaves and upregulation in
klu leaves. Interestingly, these corresponded to the genes that show developmental regulation
during early leaf development (Andriankaja et al., 2012), suggesting that KLU could regulate
their developmental expression. To confirm that this was not merely due to the shift in the
developmental gradient, the expression of AN3 and GRF5, two important leaf growth regu-
lators (Vercruyssen et al., 2014), was also tested, and their expression was not significantly
changed (Figure 2A). Of the tested stress-induced genes, only one gene was also induced in
developing leaves (Figure 2A). Our analysis confirms that also during early leaf development,
KLU affects the expression of cytokinin- and auxin-related genes.
As the gene expression data and lateral root phenotype strongly suggested an effect on auxin
or cytokinin, we focused on these hormones. We first measured IAA and CK levels in rosettes
of WT, 35S::KLU and klu plants. CK levels showed differential responses: KLU overex-
pression did not affect isopentenyladenine (iP) levels, but significantly reduced trans-zeatin
(tZ) content, while levels of its much less abundant isomer, cis-zeatin (cZ), were significantly
increased (Figure 2B). The levels of precursors and conjugates followed similar trends as
the corresponding bioactive CKs (Supplemental Figure S3). In klu rosettes, there were no
differences in the content of CK bases (Figure 2B), and of the majority of CK precursors
and conjugates (Supplemental Figure S3). IAA was significantly less abundant in 35S::KLU
shoots, but intriguingly, levels of most precursors and inactive derivatives were unchanged,
except for the initial precursor tryptophan, which accumulated to significantly higher levels
(Figure 2C, Supplemental Figure S4). Surprisingly, klu shoots also exhibited lower IAA levels,
but in this case many other biosynthetic intermediates, such as tryptophan, indole-3-pyruvic
acid and indole-3-acetonitrile (IAN), and inactive derivatives, such as oxIAA, IAA-Asp, and
IAA-Glu showed a similar trend (Figure 2C, Supplemental Figure S4).
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Figure 2: KLU affects auxin and cytokinin levels and signaling. (A) Differential expression
of selected cytokinin-, auxin- or stress-responsive genes in microdissected developing leaves. Log2(fold
change) in 35S::KLU or klu compared to WT is presented. Significant differences (t-test; p < 0.05;
N = 3) are indicated with an asterisk. (B) Cytokinin levels in stage 1.03 shoots. tZ, trans-zeatin;
cZ, cis-zeatin; iP, isopentenyladenine. Significant differences compared to WT (ANOVA; p < 0.01;
N = 3) are indicated with an asterisk. (C) Levels of IAA and selected IAA inactivation products in
stage 1.03 shoots. Significant differences compared to WT (ANOVA; p < 0.01; N = 3) are indicated
with an asterisk. (D) Overlap between metabolome changes in response to KLU overexpression or
IAA/NAA treatment of WT plants. The profile of a representative peak in the overlap between the
three metabolomes (M789T876) is shown on the right. Significant differences (t-test; p < 0.01; N =
10) are indicated with an asterisk. (A-D) Error bars represent SE. (E) Representative pictures of
GUS staining in DR5::GUS x WT and DR5::GUS x 35S::KLU roots. From left to right: primary root
meristem, stage V-VI lateral root primordium, emerged lateral root. Almost all emerged lateral roots
of 35S::KLU plants had no visible DR5::GUS staining (top), but a few had a very faint maximum at
the tip (bottom).
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Next, we profiled the general metabolome of shoots from WT and 35S::KLU plants, and com-
pared this to metabolome changes in WT plants treated for 24h with IAA or NAA. Metabolite
profiling using liquid chromatography and mass spectrometry (LC-MS) yielded a total of 2,769
m/z peaks, which, based on retention time and correlation of abundance across samples, are
estimated to correspond to 351 metabolites. For each comparison (35S::KLU-WT, WT IAA-
mock, WT NAA-mock), the 100 peaks that contributed most to metabolome differences were
identified using partial least squares discriminant analysis (PLS-DA), and peaks from the
same metabolite were grouped based on retention time (resulting in 20, 36 and 42 metabo-
lites, respectively) (Supplemental Table S3). When these datasets were compared, there was
a highly significant overlap between metabolite changes in response to KLU overexpression
Process p-value OR Genes
Downregulated genes
Response to auxin stimulus 9.93E-9 3.7 IAA1, IAA2, IAA4, IAA5, IAA6,
IAA7, IAA19, ARF19, ARGOS,
SAUR15
Response to brassinosteroid stimulus 1.07E-7 8.0 BRI1, BRS1, BAS1, BRL2, TTL3
Response to cytokinin stimulus 3.86E-5 5.5 WOL, ARR4, ARR5, ARR6, ARR7,
ARR9, ARR15, ARR16
Fatty acid metabolic process 2.15E-4 3.4 ACP1, ACP4, KCS1, FAD5, WAX2,
CYP86A4, CYP86A7
Upregulated genes
Response to water deprivation 3.03E-27 8.2 DREB1A, RD22, LEA14, ERD7,
ERD10, ERD14, ERD26
Response to abscisic acid stimulus 1.63E-14 4.8 ABI1, ABI2, ABF1, ABF3, SNRK2.3,
PP2CA
Cold acclimation 2.45E-7 4.4 CBF2, LTI30, COR15A, COR413-
TM1, COR414-TM1
Response to biotic stimulus 3.36E-7 2.6 RPS5, AIG2, ERF2, ERF4
Response to jasmonic acid stimulus 1.20E-6 4.4 AOS, LOX1, LOX2, JAZ1, MYC2,
CHS, PAP1
Flavonoid biosynthetic process 2.28E-5 7.1 DFR, F3H, TT5, CHS
Table 1: List of overrepresented GO categories among genes differentially regulated
in 35S::KLU shoots. Selected categories are shown; a full list of all significantly overrepresented
categories can be found in Supplemental Tables S1 and S2. For each category, the most important
differentially regulated genes are included in the last column. OR, overrepresentation, defined as the
ratio of the fraction of genes belonging to this category among differentially regulated genes compared
to the fraction among all genes surveyed by the ATH1 array. All gene names are official designators
as found on TAIR (http://www.arabidopsis.org).
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and changes due to auxin treatment: 13 of the 20 metabolites that were most responsive
to KLU overexpression also responded to IAA or NAA treatment (p = 5.6E-12; chi-squared
test) (Figure 2D). All but one of these showed a lower abundance in 35S::KLU compared to
WT shoots, but were induced in WT plants by treatment with IAA or NAA. Most of these
compounds could tentatively be identified as lignols based on MSn fragmentation patterns
(Supplemental Table S4).
The spatial distribution of auxins is crucial for their activity; therefore, we crossed the auxin
marker DR5::GUS into the 35S::KLU background. The impairment of lateral root growth
was reflected in the GUS staining pattern (Figure 2E). In young lateral root primordia, often
normal auxin accumulation could be seen in DR5::GUS 35S::KLU plants when compared to
DR5::GUS plants. However, KLU -overexpressing plants almost always lacked GUS stain-
ing in the layers overlaying developing lateral root primordia. Most strikingly, in the very
few emerged lateral roots that could be found in DR5::GUS 35S::KLU plants, the growth-
driving auxin maximum at the tip was absent or very faint. The intensity of GUS staining
in the primary root was also reduced by KLU overexpression. These observations show that
KLU reduces auxin activity in the root, providing an explanation for the lack of lateral root
outgrowth in 35S::KLU plants.
The IAA biosynthetic enzyme NIT1 interacts with KLU
To further investigate the function of KLU, we performed tandem affinity purification (TAP)
experiments on Arabidopsis cell cultures expressing a C-terminally tagged version of KLU,
followed by MS identification of interacting proteins. In one out of two experiments, NI-
TRILASE1 (NIT1), the major Arabidopsis nitrilase catalyzing the conversion of IAN to IAA
(Bartel and Fink, 1994), was found to interact with KLU (Supplemental Table S5). Although
this interaction could not be confirmed in a yeast two-hybrid (Y2H) assay using a truncated
version of KLU lacking the N-terminal membrane anchor (Supplemental Figure S5), bimolec-
ular fluorescence complementation (BiFC) with full-length KLU in tobacco leaves generated
a weak interaction signal in some experiments (1/3) (Figure 3A). As positive controls, we
co-expressed KLU or NIT1 C-terminally fused to full-length GFP with an ER marker, con-
firming that KLU is ER-associated, while NIT1 is a cytosolic enzyme, indicating that they can
physically interact within the cell (Figure 3A). To validate the functional significance of this
potential interaction, we introduced 35S::KLU in a nit1-3 background. While rosette area
measurements of nit1-3 35S::KLU plants did not provide evidence for a genetic interaction
between NIT1 and KLU (Supplemental Figure S6), the more severe lateral root phenotype
of 35S::KLU was partially rescued in the nit1-3 background (Figure 3B). This suggests that,
while the potential physical interaction between NIT1 and KLU may be weak, condition-
specific or short-lived, it could contribute to the function of KLU.
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Figure 3: Physical and genetic interaction between KLU and NIT1. (A) Interaction in
BiFC assay in tobacco leaves. For KLU-GFP and NIT1-GFP positive controls, overlay with an RFP-
tagged ER marker is shown. Note that due to the weakness of the interaction signal, the gain for the
interaction and controls was set much higher than for KLU-GFP and NIT1-GFP. Scale bar indicates
50 µm. (B) Emerged lateral root density of WT, nit1-3, 35S::KLU and nit1-3 35S::KLU plants.
Significance groups are indicated with letters (ANOVA; p < 0.05; N = 12). Error bars represent SE.
Representative pictures are shown on the right.
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KLU affects sensitivity to IAA and NAA, but not to 2,4-D, picloram or
NPA
Given the effects of KLU on CK and auxin levels, we next investigated how KLU im-
pacts sensitivity to externally applied CKs and auxins. tZ and the synthetic cytokinins
6-benzylaminopurine (BAP) and kinetin at high concentrations inhibited shoot growth of
WT plants, but this was less pronounced in the 35S::KLU line, showing that KLU overex-
pression confers general partial insensitivity to CKs (Supplemental Figure S7). Interestingly,
sensitivity to exogenously applied auxins depended on the type of auxin. This was especially
apparent at high IAA and NAA concentrations, when WT plants showed clear toxicity ef-
fects, whereas 35S::KLU plants grown on the same medium still looked healthy (Figure 4A).
Treatment with 2,4-D and picloram on the other hand caused toxicity in 35S::KLU plants
as well (Figure 4A), suggesting that there is no general change in auxin sensitivity at the
signaling level. Measurements of shoot area over a wide range of concentrations of these
auxins showed a similar picture, except for picloram, which could be caused by the architec-
tural differences that this auxin induces (Figure 4B, Supplemental Figure S8). To exclude
an effect on auxin transport, we also exposed plants to the polar auxin transport inhibitor
1-N-naphthylphthalamic acid (NPA), revealing no significant differences in sensitivity to NPA
in 35S::KLU plants (Figure 4A, Supplemental Figure S8). As the structures of 2,4-D and pi-
cloram are quite different from endogenous auxins (Figure 4C), we speculate that KLU affects
auxin metabolism.
KLU does not directly use IAA as a substrate
To test the hypothesis that KLU can inactivate IAA and NAA, we used a microsomal assay,
which is commonly used for the analysis of P450 activity. We constructed yeast strains co-
expressing KLU and the Arabidopsis P450 reductase ATR1, and isolated microsomes for use
in in vitro assays. Independent experiments in two labs showed no evidence for metabolism of
IAA by KLU, and additionally NAA, IAN, IAA-Trp, IAA-Ala, IAA-Asp, Trp, phenylacetic
acid, and the IAA-Glc analog 3-indoxyl-β-D-glucopyranoside could be excluded as potential
KLU substrates. We were also unable to detect activity on the previously reported substrate
lauric acid.
Auxin inhibits cell proliferation during leaf development
We aimed to link the proposed function of KLU in auxin inactivation to its developmental
role in early leaf development. Auxin is well-known to affect leaf initiation, but its effects
on the development of emerged leaves are less clear. To ensure efficient and quick uptake
of auxin, and to eliminate the influence of signaling in the root, we developed an assay
in which the root was cut off, and the remaining shoot was then transferred to medium
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Figure 4: KLU affects sensitivity to externally applied auxins. (A) Representative pictures
of auxin-treated WT and 35S::KLU seedlings taken at 22 DAS. Scale bar indicates 1 cm. (B) Rosette
area at 14 DAS of WT and 35S::KLU plants exposed to a range of concentrations of IAA or 2,4-D,
expressed relative to the area of non-treated plants. Error bars represent SE over three independent
experiments with 12 plants per experiment. Presented p-values represent the genotype:concentration
interaction in two-way ANOVA. (C) Structures of different auxins.
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Figure 5: NAA inhibits cell proliferation during leaf development. Effect of treatment for
24h with different NAA concentrations on GUS intensity along the longitudinal axis of the developing
first true leaf of pCYCB1;1::DBox-GUS-GFP. The vertical lines and arrow indicate the basipetal shift
of the cell division arrest front in plants exposed to 10−5 NAA compared to non-treated plants. Error
bars represent SE (N = 15). Representative leaves are shown on the right.
containing hormones that could be taken up directly in the transpiration stream. For this
assay, plants containing the G2/M-marker pCYCB1;1::DBox-GUS-GFP were used (Colo´n-
Carmona et al., 1999; Eloy et al., 2011), allowing the visualization of proliferating cells in
developing leaves and subsequent quantification of GUS intensity along the longitudinal axis
of the leaf. Treatment for 24h with low NAA concentrations (10−8 to 10−6 M) clearly showed
that NAA reduced GUS staining intensity, indicating that less cell proliferation takes place
(Figure 5). Treatment with 10−5 M NAA significantly reduced the size of the cell division
zone compared to non-treated controls, indicating faster AF progression. As a control, we
also performed the experiment with BAP. This confirmed that CK has the opposite effect of
auxin, as it delays AF progression and results in higher CYCB1;1 levels throughout the cell
division zone (Supplemental Figure S9).
KLU acts downstream of DELLAs
In a meta-analysis of transcriptome changes in response to alteration of gibberellin (GA)
signaling, we previously found that expression of KLU was induced by GAs in growing tissues
(Claeys et al., 2013). This was confirmed using qRT-PCR in proliferating leaves of 35S::gai-
GR plants, which express a dexamethasone-inducible GA-insensitive version of the DELLA
protein GAI (Claeys et al., 2012), showing a significant reduction in KLU transcript levels
already one hour after DELLA induction (Figure 6A). We could further show that GA strongly
induces KLU expression using a line expressing the GA biosynthesis gene GA20OX1 from a
promoter that is specific to proliferating tissues (4TM1, AT5G16250; Beemster et al., 2005)
(Figure 6B). KLU induction is thus a fast and primary response to GAs in growing tissues.
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Figure 6: KLU is an early DELLA target in proliferating leaves. (A) KLU expression in
fully proliferating leaf primordia of DEX-treated 35S::gai-GR, expressed relative to non-DEX treated
plants. (B) KLU expression in proliferating leaf primordia of 4TM1::GA20OX1 plants, expressed
relative to expression in WT plants. (A-B) Significant differences (t-test; p < 0.05; N = 3) are
indicated with an asterisk. Error bars represent SE.
Discussion
KLU disturbs auxin metabolism
KLU is known to stimulate shoot and seed growth (Anastasiou et al., 2007; Adamski et al.,
2009), but the molecular mechanism through which this is achieved remained unknown. We
confirmed that KLU promotes cell proliferation in developing leaves, but has pleiotropic effects
when ectopically overexpressed. These results suggest that KLU affects a general signaling
mechanism, as both the KLU substrate and the signaling pathway for the KLU-derived signal
are present throughout the plant.
The lack of lateral root outgrowth in 35S::KLU plants points to a role for either auxins or
CKs in this process, since it is highly sensitive to changes in auxin or CK levels (Himanen
et al., 2002; Laplaze et al., 2007; Bielach et al., 2012). Transcriptome and metabolome
analysis also showed that auxin and CK signaling were among the most disturbed processes
in 35S::KLU shoots, and that most metabolites with altered levels in 35S::KLU plants are
auxin-responsive. Subsequently, we could show that KLU overexpression lowers IAA levels,
and greatly reduces sensitivity to some, but not all, auxins, showing that there is no general
effect on auxin sensitivity and signaling. Much of the research on auxin activity has been
focused on auxin transport; however, the unaltered sensitivity of 35S::KLU plants to the polar
auxin transport inhibitor NPA makes the involvement of KLU in modulating auxin transport
unlikely. Moreover, the altered sensitivity of KLU overexpressors to IAA and NAA, but
not to the structurally different synthetic auxin 2,4-D, is more likely to reflect the metabolic
stability of these compounds rather than their transport properties. NAA has much greater
membrane permeability than IAA, 2,4-D and picloram, which generally rely on carriers to
cross membranes (Horton and Fletcher, 1968; Delbarre et al., 1996; Hosek et al., 2012); if KLU
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would affect auxin transport, than sensitivity to NAA is not expected to be altered. However,
plant cells rapidly metabolize IAA and NAA, while metabolism of 2,4-D and picloram is much
slower and weaker (Horton and Fletcher, 1968; Scott and Morris, 1970; Delbarre et al., 1996;
Hosek et al., 2012). Accordingly, mutants in auxin transport or signaling, such as axr1, aux1-7
and tir1-1, are tolerant to IAA and 2,4-D (Lincoln et al., 1990; Pickett et al., 1990; Ruegger
et al., 1998), while lines overexpressing GH3.6 and UGT84B1, encoding auxin-inactivating
enzymes, are partially resistant to IAA, but do not show altered 2,4-D sensitivity (Jackson
et al., 2002; Staswick et al., 2005). The pattern of auxin resistance of 35S::KLU thus suggests
a role in auxin inactivation.
The most common and well-studied IAA inactivation pathway is conjugation to amino acids,
catalyzed by GH3-type enzymes (reviewed by Korasick et al., 2013). However, other catabolic
pathways exist as well, such as non-decarboxylative oxidation of IAA and IAA conjugates,
recently shown to be a primary auxin catabolism pathway and major regulator of auxin
homeostasis (Peer et al., 2013; Pe˘nc˘´ık et al., 2013). No enzymes catalyzing IAA oxidation have
been identified thus far, and while P450s are good candidates, our in vitro assays, combined
with the lack of oxIAA accumulation in 35S::KLU plants, indicate that KLU does not promote
auxin inactivation by catalyzing oxidation of IAA to oxIAA. It is also unclear how relevant the
potential interaction with NIT1 is for KLU activity, as neither the substrate of NIT1, IAN,
nor its product, IAA, appears to be KLU substrates in our assays. Therefore, we speculate
that KLU modifies a yet unknown derivative of IAA. Measurements of a wide range of IAA
conjugates and catabolic products with high spatial resolution, as was previously performed
for GA precursors and catabolites in growing maize leaves (Nelissen et al., 2012), could
provide further cues on the precise enzymatic role of KLU in planta. However, the reaction
could be tissue-specific, given the highly specific expression pattern of KLU and the lack of
accumulation of common IAA conjugates or catabolism products in 35S::KLU plants. Highly
tissue-specific hormone metabolism is known to occur in plants, e.g. inactivation of GA4 in
rice through 16α,17-epoxidation only occurs in specific contexts due to the highly specific
expression pattern of CYP714D1 (Zhu et al., 2006). As for KLU, ectopic overexpression of
CYP714D1 led to a GA deficiency phenotype, and these plants were insensitive to treatment
with GA4, the substrate of CYP714D1, but not to treatment with GA1 (Zhu et al., 2006).
While there are also effects on CK responses, the reduced sensitivity to both tZ and the
synthetic cytokinins BAP and kinetin points to a general effect on CK sensitivity at the
signaling level. These synthetic cytokinins are very poor substrates for cytokinin oxidases
(Popelkova´ et al., 2006), the main cytokinin degradation pathway in plants, making it unlikely
that a function for KLU in CK metabolism would not differentially impact sensitivity as is
seen for auxins. This also reflects the gene expression changes in early developing leaves, in
which all tested CK-responsive genes were downregulated, confirming that there is a general
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change in CK signaling, while the auxin response was more targeted and reflected the changes
seen during early leaf development.
IAA inactivation affects shoot development and promotes shoot growth
IAA is typically seen as a growth-promoting hormone (Sauer et al., 2013). While the necessity
of a local auxin minimum for proper development has been observed before (Sorefan et al.,
2009), it may appear counter-intuitive that promoting IAA inactivation is the mode of action
for a crucial growth-promoting enzyme. However, we showed that when young, developing
leaves are exposed to auxin, cell proliferation is inhibited even at low concentrations, and the
developmental arrest of cell division occurs earlier. This is similar to what was observed in
klu mutants. KLU is only produced in very young primordia, and thus only removes IAA at
the leaf base in the phase when cell proliferation rates are highest; later during development,
IAA synthesis at the tip of developing leaves (Ljung et al., 2001) supplies the auxin required
for cell expansion (Figure 7). Accordingly, the expression of auxin-responsive genes gradually
increases during early leaf development (Andriankaja et al., 2012). KLU activity at the
leaf base could also remove IAA from the region surrounding the primordium, inhibiting
development of other leaf primordia, which is stimulated by auxin (Reinhardt et al., 2003),
thereby explaining the shortened plastochron in klu mutants (Figure 7). The generation
of auxin maxima responsible for leaf initiation is currently explained by auxin transport
controlled through PIN1 localization (Heisler et al., 2005). While this may be the major
mechanism given the relatively subtle phenotypes of KLU deficiency on leaf initiation, KLU
could provide an additional level of control.
The effect of KLU on IAA also explains the pleiotropic phenotypes observed in 35S::KLU
lines, such as impaired lateral root growth, inhibited cell expansion, and reduced branching.
Similarly, the characteristic stem twisting of 35S::KLU lines has previously been observed
in the twd1 mutant defective in auxin transport (Wu et al., 2010) and in lines ectopically
overexpressing SMALL AUXIN UP RNA (SAUR)-type genes (Chae et al., 2012; Kong et al.,
2013; Stamm and Kumar, 2013). Interestingly, loss-of-function mutation of GE in rice, which
is closely related to KLU, often leads to seedlings that form roots but have problems to produce
leaves, or exhibit spontaneous callus formation (Yang et al., 2013), which are all hallmarks of
increased auxin content. However, not all processes dependent on auxin are affected, which
is most likely due to the great robustness of auxin metabolism. This is reminiscent of other
lines with altered auxin levels, transport or signaling that are affected only in specific subsets
of auxin responses – as Sauer et al. (2013) recently summarized it, auxin signaling is ‘simply
complicated’.
KLU was postulated to produce a diffusible growth-promoting signal, but here, we show that
it most likely degrades a growth-inhibiting signal. We propose that the KLU expression
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Figure 7: Summary of KLU function in leaf initiation and early leaf development. A
schematic representation of a young developing leaf primordium that emerged from the shoot apical
meristem is shown. During the earliest stages of leaf development, high GA levels (purple structure),
which are associated with growing tissues, stimulate transcription of KLU at the base of the developing
leaf (indicated in red). This locally inactivates IAA, facilitating cell proliferation and inhibiting leaf
initiation in the region surrounding the primordium, as this requires auxin accumulation (indicated in
blue).
domain may act as a sink for auxin, thereby explaining the experiments showing that the
KLU signal is integrated over flowers and inflorescences to produce floral organs of uniform
size (Anastasiou et al., 2007; Eriksson et al., 2010). Alternatively, additional mechanisms to
ensure this uniformness could override KLU activity.
KLU is part of a hormone-regulated growth-promoting network
In recent years, plant growth has increasingly been studied from a systems biology-oriented
approach, and it is becoming clear that highly complex networks regulate growth at the
cellular and organ-wide level. KLU was known to be part of these networks, and here we
place it between GAs and auxin in the control of cell proliferation. Expression of its rice
homolog, PLA1, was also shown to be induced by GA (Mimura et al., 2012). We confirm
that also in Arabidopsis, KLU is very quickly downregulated in proliferating leaf tissue upon
DELLA stabilization and upregulated by enhanced GA production, raising the possibility
that GAs could be the signal that limits KLU expression to the base of the leaf. This
further highlights the tissue-specificity of growth-promoting networks, since GAs induce auxin
signaling in expanding tissues to stimulate cell elongation (reviewed by Claeys et al., 2013).
Improved knowledge of these networks allows the engineering of plants with improved growth,
and given its effects on both shoot and seed growth, the network around KLU represents a
prime candidate for engineering.
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Materials and methods
Transgenic lines and mutants
The coding sequences (CDSs) of KLU (AT1G13710), ATR1 (AT4G24520) and GA20OX1
(AT4G25420) were amplified from Col-0 cDNA, and the KLU promoter (the 2-kb frag-
ment upstream of the start codon) was amplified from gDNA. Using Gateway cloning, KLU
was introduced into pK7WG2 (Karimi et al., 2002) to generate 35S::KLU lines, the KLU
promoter and CDS were introduced into pH7m34GW,3 (Karimi et al., 2007) to generate
pKLU::KLU lines, and the 4TM1 promoter (AT5G16250; described in Benhamed et al., 2008)
and GA20OX1 CDS were introduced into pH7m34GW,3 to generate p4TM1::GA20OX1 lines.
All constructs were transformed into Col-0 plants using Agrobacterium tumefaciens strain
C58C1RifR (pMP90). DR5::GUS and pCYCB1;1::DBox-GUS-GFP lines were previously de-
scribed in Ulmasov et al. (1997) and Eloy et al. (2011), respectively. klu (SALK 024697C)
and nit1-3 were obtained from NASC (N670434 and N3738, respectively).
Plant growth conditions
For initial shoot growth analysis of WT, klu, 35S::KLU and pKLU::KLU lines, plants were
grown in soil in individual pots. All other experiments were performed in vitro by growing
plants in half-strength Murashige and Skoog medium (Murashige and Skoog, 1962), supple-
mented with 1% sucrose. For root growth experiments, 8 seeds were sown at equal distances
on square plates that were placed vertically. For shoot growth and gene expression exper-
iments, 32 seeds were sown at equal distances on 14-cm-diameter round plates that were
placed horizontally. All genotypes were grown on the same plate to allow comparison. Seeds
were stratified in the dark at 4◦C for at least 48h. Seedlings were grown in a 16-h day (80
µmol/m2/s)/8-h night regime at 21◦C.
Shoot growth analysis
At 22 DAS, all leaves were removed from the rosette and placed sequentially on agar plates,
which were then photographed, followed by leaf area quantification using ImageJ v1.45 (NIH;
http://rsb.info.nih.gov/ij/). The rosette area represents the sum of all cotyledon and
leaf areas. The third leaf was harvested for cellular analysis, and after clearing with 70%
ethanol, mounted in lactic acid on microscopy slides. Abaxial epidermal cells (50-300) were
drawn for five representative leaves with a DMLB microscope (Leica) fitted with a drawing
tubus and a differential interference contrast (DIC) objective. Photographs of leaves and
drawings were used to measure leaf area and cell size, respectively, using ImageJ, and from
these, cell numbers were calculated.
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Root growth analysis
At 10 DAS, plates were scanned using a flatbed scanner, and primary root length was mea-
sured using ImageJ. Seedlings were then harvested and prepared according to Malamy and
Benfey (1997), and developing lateral root primordia were scored on an Olympus BX51 DIC
microscope.
Epistasis analysis
To check the genetic interaction between nit1-3 and 35S::KLUH, leaf series were made from
double homozygous nit1-3 35S::KLUH plants, homozygous nit1-3 and 35S::KLUH plants,
and wild-type plants, all resulting from the same cross. The expected value for rosette area
was calculated by an additive model (AB = A + B - WT), as is routinely done to check for
epistatic interactions between genes influencing a quantitative trait (Phillips, 2008; Gonzalez
et al., 2010; Vercruyssen et al., 2011).
Hormone treatment
IAA (Sigma-Aldrich), NAA (Duchefa Biochemie), 2,4-D (Sigma-Aldrich), picloram (Sigma-
Aldrich), NPA (Sigma-Aldrich), tZ (Sigma-Aldrich), BAP (Duchefa Biochemie) or kinetin
(Duchefa Biochemie) were added to the medium from stock solutions in DMSO, and pure
DMSO was added to control plates. After 14 days, plates were photographed, and rosette ar-
eas were extracted using ImageJ. Plates were returned to the growth chamber, and additional
pictures were taken at 22 DAS, as the phenotypes became more pronounced over time.
Expression analysis
At 12 DAS, shoots of 5 plants per genotype per biological repeat were pooled and ground in
a Retsch machine. RNA was extracted with TriZol (Invitrogen), followed by clean-up with
the RNeasy Mini Kit (Qiagen), including on-column RNase-free DNase I (Promega) treat-
ment, according to the manufacturer’s instructions. RNA samples were hybridized to single
Affymetrix ATH1 Genome arrays at VIB Nucleomics Core (Leuven, Belgium). Microarray
data was deposited in the Gene Expression Omnibus database (accession number GSE54607)
and further processed as described in Claeys et al. (2013).
For qRT-PCR analysis of KLU and 4TM1::GA20OX1 lines, 64 plants per replicate were
harvested into RNAlater solution (Ambion) at 10 DAS, followed by microdissection of the
third leaf. Harvesting of 35S::gai-GR material, RNA extraction, cDNA synthesis and qRT-
PCR analysis were performed as described before (Claeys et al., 2012).
KLUH | 189
Auxin and cytokinin measurements
Complete shoots of WT, klu, and 35S::KLU were harvested at stage 1.03 (12 DAS) from
3 biological replicates. Extraction and measurements of auxin and cytokinin levels were
performed as described before (Nova´k et al., 2008, 2012). In short, for analysis of auxin
content, metabolites were extracted using solid-phase extraction starting from 50 mg of plant
material, while for analysis of cytokinin content, immunoextraction was performed starting
from 200 mg plant material. For both, UPLC-MS analysis was performed for metabolite
separation and quantification; only compounds for which standards were available could be
reliably quantified.
Metabolome analysis
35S::KLUH and WT plants, grown on nylon meshes (20 µm pore size; Prosep) overlaying
control medium, were transferred at 12 DAS to control medium or medium supplemented with
10 µM IAA or 0.5 µM NAA. After 24h, complete shoots were harvested from 10 biological
replicates. For each sample, 100 mg of ground plant material was extracted with 1 mL of
methanol at room temperature for 10 minutes. After centrifugation for 10 min at 20,800g,
the supernatant was evaporated to dryness under vacuum. Subsequently, the residue was
dissolved in 800 µL water:cyclohexane (1:1, v/v) and centrifuged for 10 min at 20,800g. 200
µL of the resulting aqueous phase was retained for metabolite profiling. For LC-ESI-FT-ICR-
MS analysis, reversed-phase liquid chromatography was carried out using an Acquity UPLC
BEH C18 column (150 x 2.1 mm, 1.7 µm; Waters) mounted on an Accela LC system consisting
of an Accela pump (Thermo Electron Corporation) and an Accela autosampler (Thermo
Electron Corporation). The LC system was coupled to an LTQ FT Ultra (Thermo Electron
Corporation) via an electrospray ionization source. A gradient (time 0 min, 5% solvent B;
30 min, 45% solvent B; 35 min, 100% solvent B) was run using water:acetonitrile (99:1, v/v)
(solvent A) and acetonitrile/water (99:1, v/v) (solvent B), both acidified with 0.1% (v/v)
acetic acid. The loop size, injection volume, flow rate and column temperature were 25 µL, 15
µL, 300 µL/minute and 80◦C, respectively. Negative ionization was obtained using a capillary
temperature of 300◦C, sheath gas of 40 (arbitrary units), auxiliary gas of 20 (arbitrary units),
and a spray voltage of 3.5 kV. Full FT-ICR-MS spectra between m/z 120-1,400 were recorded
at a resolution of 100,000. To facilitate compound identification, full FT-ICR-MS scans
were interchanged with dependent MS2 scan events, in which the most abundant ion of the
previous FT-MS scan was fragmented, and two dependent MS3 scan events in which the two
most abundant daughter ions of the MS2 scans were fragmented. The collision energy was
set to 35%. Full FT-ICR-MS spectra were extracted from the LC-MS chromatograms using
the RecalOﬄine software package (Thermo Electron Corporation) and integrated and aligned
with the XCMS software package (Smith et al., 2006) in R (version 2.6.1) using the following
parameter values: xcmsSet(fwhm=10, max=300, snthresh=2, mzdiff=0.05), group(bw=8,
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max=300), retcor(method=loess, family=symmetric). A second grouping was done with the
same parameter values.
GUS staining
Seedlings were harvested at 10 DAS, treated with heptane for 2 min, briefly dried, and incu-
bated in staining buffer (100 mM Tris-HCl (pH 7.0), 50 mM NaCl, 2 mM K3[Fe(CN)6] and 4
mM 5-bromo-4-chloro-3-indolyl-β-D-glucuronide) at 37◦C for 8 or 24h. Seedlings were cleared
overnight in 70% ethanol and mounted on slides in lactic acid. Samples were photographed
with an Olympus BX51 DIC microscope.
Protein interaction analysis
Cloning of 35S::KLU-GS and transformation of Arabidopsis cell suspension cultures were
performed as previously described (Van Leene et al., 2007). TAP of protein complexes was
done using the GS tag (Bu¨rckstu¨mmer et al., 2006), followed by protein precipitation and
separation according to Van Leene et al. (2008) with minor modifications. Briefly, for protein
extraction prior to the affinity purification steps, the detergent in the extraction buffer was
replaced by 1% (w/v) digitonin (Calbiochem). In all further steps, 0.2% (w/v) digitonin was
used. Proteolysis and peptide isolation, acquisition of mass spectra by a 4800 Proteomics
Analyzer (Applied Biosystems), and MS-based protein homology identification based on the
TAIR genomic database were performed as described in Van Leene et al. (2010). Experimental
background proteins were subtracted based on approximately 40 TAP experiments on WT
cultures and cultures expressing TAP-tagged GUS, RFP and GFP (Van Leene et al., 2010).
For Y2H, NIT1 and a truncated version of KLU (KLU∆N) lacking the transmembrane domain
(residues 2-39) were introduced into pDEST22 and pDEST32 (Invitrogen) using Gateway
cloning, and transformed into yeast strain PJ69-4A, along with empty vector controls. Yeast
strains were grown to equal density in liquid SD medium without Leu and Trp, and then
spotted on SD plates lacking Leu, Trp and His. As a control for strain viability and growth
rate, strains were also spotted on medium lacking only Leu and Trp. Growth was scored
visually after incubation at 30◦C for 72h.
BiFC was performed as described in Boruc et al. (2010). For localization studies, the ER
marker KDEL-RFP was co-infiltrated with KLU or NIT1 fused to GFP.
Microsome extractions and in vitro assays
For microsome experiments at VIB, yeast strain BY4741 was transformed with pAG415GAL-
ATR1 and either pAG423GAL-ccdB-HA or pAG423GAL-KLU-HA. Cultures were grown in
YPD medium at 28◦C to OD 0.7, at which point transgene expression was induced by adding
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galactose to a final concentration of 1%. Yeast cells were harvested after incubation for 16h at
20◦C by centrifugation at 7,500 g for 10 min, and washed with TEK (50 mM Tris-HCl pH 7.5,
1 mM EDTA and 100 mM KCl). Samples were kept on ice throughout the entire protocol,
and all centrifugation steps were performed at 4◦C. After resuspension of cells in TES (50 mM
Tris-HCl pH 7.5, 1 mM EDTA, 11% sorbitol, 1% BSA and 0.012% β-mercaptoethanol), cells
were ruptured using glass beads, and the resulting cellular extract was washed three times
with TES. Debris was removed by centrifugation at 7,500g for 20 min, and the supernatant
was filtered using Miracloth before the final 2 h centrifugation step at 30,000g. Microsomes
were washed with TEG (50 mM Tris-HCl pH 7.5, 0.5 mM EDTA and 30% glycerol), and
finally resuspended in TEG; aliquots were stored at -20◦C. The presence of KLU-HA in the
microsome fraction was checked by Western blotting using an anti-HA antibody. For in vitro
assays, microsomes were incubated overnight at 30◦C in the presence of 1.25 mM NADPH
and 1 mM substrate. Auxins and lauric acid were extracted using ethyl acetate and chloro-
form, respectively. After derivatization with N-methyl-N-(trimethylsilyl)trifluoroacetamide,
samples were transferred to GC vials and subjected to GC-MS (GC model 6890, MS model
5973, Agilent). A 1 µL aliquot was injected (splitless mode) into a VF-5ms capillary column
(Varian CP9013, Agilent) and operated at a constant helium flow of 1 ml/min. The injector
temperature was set to 280◦C and the oven temperature was held at 70◦C for 2 min post
injection, ramped to 200◦C at 20◦C/min, ramped to 280◦C at 4◦C/min, held at 280◦C for 1
min, and finally cooled down to 70◦C at 50◦C/min at the end of the run. The MS transfer
line was set to 250◦C, the MS ion source to 230◦C and the quadrupole to 150◦C, throughout.
For identification of metabolites a full mass spectra was generated by scanning the m/z range
of 60-800 with a solvent delay of 7.8 min.
For microsome experiments at IBMP, KLU was introduced into vector pYeDP60 under the
control of the GAL10-CYC1 promoter and transformed into yeast strain WAT11 expressing
ATR1 (Pompon et al., 1996). Cells were harvested by centrifugation and manually broken
with 0.45 mm glass beads in 50 mM Tris-HCl buffer (pH 7.5) containing 1 mM EDTA and 600
mM sorbitol. The homogenate was centrifuged for 10 min at 10,000 g and the supernatant
was centrifuged for 1 h at 30,000 g. The pellet, comprising microsomal membranes, was
resuspended in 50 mM Tris-HCl (pH 7.4), 1 mM EDTA and 30% (v/v) glycerol with a
Potter-Elvehjem homogenizer and stored at -20◦C. Cytochrome P450 expression in yeast
microsomes was evaluated by differential spectrophotometry according to Omura and Sato
(1964), indicating that the expression of functional enzyme was most likely low. All procedures
for microsomal preparation were carried out at 0-4◦C. For the in vitro assays, 10 µL of yeast
microsomes were incubated for 20 min at 27◦C, in 0.1 ml of 20 mM Na-phosphate (pH 7.4)
containing 0.6 mM NADPH and substrate. The reaction was initiated by the addition of
NADPH and was stopped after 20 min on ice. After addition of 50 µl of 50% acetic acid,
tubes were vortexed and centrifuged. The supernatant was run on reverse-phase HPLC
(Alliance 2695 Waters system, NOVA-PAK C18 4.6 x 250 mm column) with photo-diode
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array detection at 236.5 nm. The presence of novel peaks generated by KLU-containing
microsomes was scored.
Hormone feeding assay on isolated shoots
At 7 DAS, plants were placed on agar plates supplemented with various concentrations of
DMSO, NAA or BAP, and cut at the hypocotyl, allowing removal of the root, after which the
hypocotyl was pushed into the plate. After 24h, shoots were harvested and GUS staining was
performed for 6h as described for DR5::GUS plants. Shoots were cleared in lactic acid, and
mounted on microscopy slides that were photographed. GUS staining intensity was quantified
according to Vercruyssen et al. (2014).
Supplemental data
All Supplemental Data is listed below. Supplemental Figures can be found at the end of the
chapter. The Supplemental Dataset and Tables can be found online at http://www.psb.
ugent.be/˜hacla/KLU/.
Supplemental Dataset S1. List of fold changes in transcript levels and FDR-corrected p-values
for all genes in 35S::KLU shoots compared to WT.
Supplemental Table S1. List of all significantly overrepresented GO categories among genes
downregulated in 35S::KLU shoots compared to WT.
Supplemental Table S2. List of all significantly overrepresented GO categories among genes
upregulated in 35S::KLU shoots compared to WT.
Supplemental Table S3. List of differential LC-FTMS peaks identified by PLS-DA to explain
most of the variation in 35S::KLU shoots compared to WT, and WT shoots treated with IAA
or NAA compared to WT shoots treated with DMSO.
Supplemental Table S4. List of compounds responding to both KLU overexpression and auxin
treatment, with tentative identification based on mass and MSn spectrum.
Supplemental Table S5. Summary of MS data for TAP experiments with KLU-TAP as bait.
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Supplemental Figure S3. KLU affects cytokinin levels.
Supplemental Figure S4. KLU affects auxin levels.
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Supplemental Figure S5. Interaction of KLU and NIT1 could not be detected using yeast-
two-hybrid.
Supplemental Figure S6. Mutation of NIT1 does not affect the inhibition of shoot growth by
35S::KLU.
Supplemental Figure S7. KLU affects sensitivity to externally applied cytokinins.
Supplemental Figure S8. KLU differentially affects sensitivity to externally applied auxins
and NPA.
Supplemental Figure S9. Cytokinins stimulate cell proliferation in developing leaves.
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Supplemental Figure S1. Representative 6-week old plants.
Supplemental Figure S2. Effect of klu on lateral root growth. Average number of root
primordia at each stage per root for WT and klu. Stages range from I to VII (as defined by Malamy
and Benfey, 1997). NE, non-emerged primordia (total of stages I-VII). E, emerged primordia. T, total
number of primordia. Significant differences (t-test; p < 0.05; N = 12) are indicated with an asterisk.
Error bars represent SE.
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Supplemental Figure S3. KLU affects cytokinin levels. Active forms, precursors (blue) and
inactivated forms (pink) of the major cytokinins isopentenyladenine (iP) (A), trans-zeatin (tZ) (B),
cis-zeatin (cZ) (C) and dihydrozeatin (DHZ) (D). All values are in pmol/g. DHZ and some of its
precursors and inactivated forms were below the limit of detection. Error bars represent SE (N = 3).
Significant changes compared to WT (ANOVA; p < 0.01) are indicated with an asterisk. -R, riboside.
-R5’MP, riboside 5’-monophosphate. -7G, 7-N-glucoside. -9G, 9-N-glucoside. -OG, -O-glucoside.
-ROG, -riboside O-glucoside.
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Supplemental Figure S4. KLU affects auxin levels. IAA and its precursors and major inac-
tivation products were mapped onto the biosynthesis pathway. All values are in pmol/g. Error bars
represent SE (N = 3). Significant changes compared to WT (ANOVA; p < 0.01) are indicated with
an asterisk. Ant, anthranilic acid. TRA, tryptamine. IAAld, indole-3-acetaldehyde. IPyA, indole-
3-pyruvic acid. IAM, indole-3-acetamide. IAOx, indole-3-acetaldoxime. IAN, indole-3-acetonitrile.
IAA, indole-3-acetic acid. IAAsp, indole-3-aspartic acid. oxIAA, 2-oxindole-3-acetic acid. IAGlu,
indole-3-glutamic acid.
KLUH | 203
Supplemental Figure S5. Interaction of KLU and NIT1 could not be detected using yeast
two-hybrid.
Supplemental Figure S6. Mutation of NIT1 does not affect the inhibition of shoot growth
by 35S::KLU. EXP denotes the expected rosette area based on the effects of nit1-3 and 35S::KLU
on rosette growth, calculated by an additive model. Significant differences (p < 0.05; ANOVA; N =
12) are indicated with an asterisk.
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Supplemental Figure S7. KLU affects sensitivity to externally applied cytokinins. Rosette
area of WT and 35S::KLU plants exposed to a range of concentrations of trans-zeatin (left), 6-
benzylaminopurine (middle) and kinetin (right), expressed relative to the area of non-treated plants.
Error bars represent SE (N = 16).
Supplemental Figure S8. KLU differentially affects sensitivity to externally applied aux-
ins and NPA. Rosette area at 14 DAS of WT and 35S::KLU plants exposed to a range of con-
centrations of NAA, picloram or NPA, expressed relative to the area of non-treated plants. Error
bars represent SE over three independent experiments with 12 plants per experiment. The presented
p-values represent the genotype:concentration interaction in a two-way ANOVA.
Supplemental Figure S9. Cytokinins stimulate cell proliferation in developing leaves.
pCYCB1;1::DBox-GUS shoots were placed in medium containing different concentrations of 6-
benzylaminopurine (BAP) when leaf 1 and 2 were fully proliferating, and plants were harvested for
GUS staining of leaf 1 and 2 after 24h. Representative leaves are shown on the right. GUS intensity
was quantified using these pictures, and based on this quantification the position of the cell division
arrest front was determined. The vertical lines and arrow indicate the basipetal shift of the cell division
arrest front in plants exposed to 10−5 M BAP compared to non-treated plants. Error bars represent
SE (N = 15).
Part III
Endings: afterthoughts

Chapter 8
General discussion
This brief final chapter supplements the general discussion of both GA signaling and the
response to drought stress in the introductory chapters, and the discussions that were included
at the end of each chapter. The concept of context-specificity, due to interactions between
genes, hormones, development and environment, will be discussed in more detail, along with
possible molecular mechanisms behind this phenomenon. Finally, perspectives for future
research and possible applications will be given.
Context-dependency: interactions between genes, hormones,
development and environment
One of the things that puzzled me most when I started studying plant physiology was the
diversity of roles of many hormones. Especially auxins seem to be involved in just about
every process: a recent non-exhaustive list includes organ initiation (most well-documented
for leaves and lateral roots), organ growth, the establishment and maintenance of polarity,
apical dominance, tropic responses, senescence, leaf abscission, responses to pathogens, and re-
sponses to abiotic stresses (reviewed by Sauer et al., 2013). Gibberellins are similarly involved
in the entire life cycle of the plant, from seed germination, over organ growth and development
and responses to both biotic and abiotic stress, to flowering induction and pollen maturation
(reviewed by Davie`re and Achard, 2013). Responses at the cellular level are equally diverse:
as discussed in Chapter 1, gibberellins stimulate cell differentiation in the shoot apical meris-
tem, but show the opposite behavior in developing leaves by stimulating cell proliferation.
How do phytohormones, which are simple molecules with relatively simple, straightforward
signaling mechanisms, achieve such diversity in responses? While hormone levels provide part
of the answer, as was shown for ethylene (Pierik et al., 2006) and auxin (Evans et al., 1994;
Caldero´n Villalobos et al., 2012), an important factor is context-dependency: the status of the
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cell in which the hormone is perceived, including the sensitivity of this perception, determines
the final outcome. This integrates the effects of one hormone with that of other hormones
and signaling pathways, developmental factors and environmental factors.
For ethylene, the first hormone we found to play a role in regulating growth in response
to mild osmotic stress, this context-specificity is clear from our work. We uncovered two
different ways in which ethylene can inhibit cell proliferation in developing leaves exposed to
osmotic stress, which differ in terms of timing and the involvement of other signals (Figure 1).
The first way is fast, reversible and non-transcriptional inhibition of CDKA, and occurs early
after onset of osmotic stress, and in response to treatment with the ethylene precursor ACC
(Chapter 3). The second way is more classical, involving the induction of ERF6 expression,
along with several other ERFs, and ERF6 then inhibits growth by reducing GA levels upon
prolonged exposure to mannitol (Chapter 5). For this second response, an additional signal
is needed in addition to ACC. While in this case ethylene thus does not directly influence
the cell cycle, this is a similar mechanism to what is seen in response to cold stress (Achard
et al., 2008) and salt stress (Magome et al., 2008). In addition to being specific for osmotic
stress, and thus exhibiting an interaction with the environment, these responses are specific
to developing leaves, as ERF6 is not induced in mature leaves (Chapter 5), thereby showing
a strong development interaction. While it is well-known that ethylene can both inhibit
and stimulate cell division (reviewed by Vandenbussche et al., 2012), few other studies have
investigated molecular links between ethylene and cell division. In the vasculature, ethylene
stimulates cell proliferation through transcriptional induction of ERF1, ERF018 and ERF109
(Etchells et al., 2012). Moreover, the ACC-induced ERF BUD ENHANCER (EBE), which
encodes a regulator of shoot branching and axillary bud outgrowth, induces the expression
of the core cell cycle genes CYCD3;1, DPa and BRCA1-ASSOCIATED RING DOMAIN1
(BARD1 ), and this occurs within 45 minutes of EBE induction, suggesting that these are
direct targets (Mehrnia et al., 2013). These examples show that there are major differences
depending on the tissue that is studied.
For GAs, very similar conclusions can be drawn. As discussed in Chapter 4, DELLAs were
previously shown to inhibit growth by decreasing the cell division rate (Achard et al., 2009),
while in our case they do so by reducing the number of dividing cells. At the molecular level,
DELLA stabilization in proliferating leaves has the potential to affect a wide array of leaf
growth regulators, such as the AN3-GRF5 pathway which acts through BRM (Chapter 1),
and the KLU pathway (Chapter 6). However, under mild osmotic stress conditions these
pathways are seemingly not affected by DELLA stabilization in proliferating leaves, and
instead DELLAs restrict growth through transcriptional control of DEL1 and UVI4 (Figure
1; Chapter 4). This is also different from the previously reported induction of the cell cycle
inhibitors SIM, SMR1 and KRP2 by DELLAs (Achard et al., 2009), which likely also only
happens in a different context. Finally, the most striking example to me was the meta-
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analysis of GA/DELLA transcriptomes we performed, showing virtually no overlap between
GA-induced gene expression changes across tissues and conditions (Chapter 1). All these
examples show that hormones have the capacity to affect growth very differently both at
the cellular and the molecular level, depending on interactions with the developmental and
environmental context.
The final hormone that we encountered, auxin, tells a similar story. Although it is dubbed
the ‘growth hormone’, auxin has the potential to both stimulate and inhibit cell proliferation,
as previously discussed for ethylene and gibberellins. In Chapter 7, we showed that during
early leaf growth, auxin levels are low, and auxin inhibits cell proliferation. It is only as
leaf growth is increasingly driven by cell expansion that auxin responsive genes are induced
(Andriankaja et al., 2012), and at this point auxin accumulation becomes visible at the leaf
tip, a major site of auxin synthesis (Ljung et al., 2001). There is not much known on the
Figure 1: Summary of signaling pathways that connect stress perception to growth inhi-
bition. Stress is perceived in the roots, and ACC and an unknown signal are thought to very rapidly
move through the xylem to transfer the stress signal to developing leaves. There, ethylene signaling
quickly leads to a post-transcriptional, reversible inhibition of CDKA, while at the same time post-
transcriptional mechanisms cause activation of ERF6. ERF6 induces expression of GA2OX6, leading
to a reduction in GA levels and finally to DELLA stabilization. DELLAs then activate APC/C ac-
tivity, pushing cells from a mitotic cell cycle to endoreduplication, thereby abolishing their potential
for cell division. Postulated components and connections are shown in dark grey. P, phosphorylation.
For other abbreviations, see List of Abbreviations section.
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molecular connections between auxin and cell proliferation in leaves, and the information
is contradictory. Although AUXIN-REGULATED GENE INVOLVED IN ORGAN SIZE
(ARGOS) was previously reported to stimulate cell proliferation in leaves downstream of auxin
and AXR1 (Hu et al., 2003), its expression during early leaf development is very low, and does
not change throughout the transition to cell expansion (Andriankaja et al., 2012), making
a role in developmental regulation of cell proliferation during leaf development unlikely. On
the other hand, the auxin-induced ARF2 was shown to inhibit cell proliferation during leaf
development by repressing expression of ANT and CYCD3;1 (Schruff et al., 2006). Likewise,
plants overexpressing the auxin-induced SAUR76 had smaller leaves due to a reduction in cell
number (Markakis et al., 2013), but nothing is known on the molecular mechanism. Other
SAURs are known to stimulate cell expansion by stimulating auxin transport (Spartz et al.,
2012); it is conceivable that increased auxin transport in SAUR76 overexpression lines causes
inhibition of cell proliferation. These findings show that although auxin is generally thought
to stimulate cell proliferation, there is evidence for a cell division-inhibiting activity of auxins
in the specific developmental context of early leaf development.
Another theme that emerged throughout our research is the importance of interactions be-
tween hormones. While it is well-known that hormones can interact with one another, for
instance by influencing hormone levels or signaling pathways, or by targeting similar genes,
relatively little is known on the molecular links between hormones (reviewed by Depuydt
and Hardtke, 2011). In our work, we uncovered two novel transcriptional links connecting
hormones. The first connection is formed between ethylene and GAs by ERF6, which is ac-
tivated by ethylene and in turn induces GA2OX6, leading to GA inactivation (Chapter 5).
While ERF6 seems to be limited to the osmotic stress response, similar mechanisms provide a
possible molecular explanation for the observation that ethylene affects the expression of GA
metabolism genes (Dugardeyn et al., 2008) and induces DELLA stabilization (Achard et al.,
2003). KLU is responsible for the second connection, between GAs and auxin, as expression
of KLU is activated by GAs, and KLU in turn affects auxin levels (Chapter 7). As KLU is
only active in a very narrow window during leaf development, the interaction between GAs
and auxins we found is again highly specific. It is also another piece of evidence for a complex
interaction between GAs and auxins, as GAs act downstream of auxin in the regulation of
root growth (Fu and Harberd, 2003), and auxin and GAs share a number of target genes, such
as the TFs GATA, NITRATE-INDUCIBLE, CARBON-METABOLISM INVOLVED (GNC )
and GNC-LIKE (GNL) (Richter et al., 2013). Caution should thus be observed when gener-
alizing molecular and physiological interactions between hormones without taking the specific
context into account.
In the two reviews that we contributed to the scientific literature (Claeys and Inze´, 2013;
Claeys et al., 2013), which can be found in Chapters 1 and 2, we have emphasized the need
for increased specificity in the sampling of material to account for this context-dependency.
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This allows to uncover specific responses that are important for plant growth and development
but only occur in specific tissues under specific conditions. As new tools are being developed
that allow sampling at higher resolution, we hope that in the coming years the resolution
of our understanding of signaling pathways will also increase, and this should clarify many
of the apparent contradictions in our understanding of both hormonal signaling and stress
physiology.
Molecular mechanisms behind context-dependency
The molecular basis of context-dependency is attributed to factors such as the presence and
activity of certain transcription factors and other signaling proteins, the chromatin status
of target genes, and interactions with other active (hormone) signaling pathways, as is for
instance well-documented for cell type-specific responses to pleiotropic regulators of human
development such as estrogen and TGF-β (reviewed by Feng and Derynck, 2005; Heldring
et al., 2007). An obvious advantage of such context-dependency is that it allows to limit
the number of signaling molecules and signal transduction components by reusing them in
different situations for different purposes, and only changing the final output. It also provides
a number of general nodes that could be used for signaling cross-talk and integration.
For plant hormone responses, the mechanisms behind these cell-specific responses have been
studied to some extent as well, and the principles appear to be similar to what was found in
animals. The GA signaling pathway and the core GA homeostasis mechanisms are conserved
across all cell types, but the output is very different and likely depends on the interaction of
DELLAs with specific proteins that are present only in certain cell types, combined with effects
of epigenetic mechanisms such as chromatin remodeling (Chapter 1). Auxin is perceived by
modular complexes of F-box proteins and Aux/IAA-proteins, both of which are encoded
by gene families, and these complexes have different sensitivities to IAA, allowing a graded
response to a range of auxin concentrations (Caldero´n Villalobos et al., 2012). Moreover,
specificity in auxin signaling is thought to also be mediated by the highly specific expression
of members of the AUXIN RESPONSE FACTOR family, which are the executors of auxin
responses, combined with their modularity due to the ability to form heterodimers among
themselves and with TFs of other types (reviewed by Guilfoyle and Hagen, 2007). This led to
a model in which auxin activates a specific preprogrammed developmental program in every
cell (reviewed by Vanneste and Friml, 2009). For ethylene, there is a similar model based
on the expression of ETHYLENE RESPONSE FACTORS that control specific downstream
ethylene responses, and these form a huge family in Arabidopsis (Nakano et al., 2006; Yoo
et al., 2009). In addition, cell type-specific variation in transcript levels of ethylene signaling
genes, such as those coding for ethylene receptors, most likely plays a role as well (Dugardeyn
et al., 2008; Vandenbussche et al., 2012).
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Our work suggests an additional layer of complexity in ethylene signaling: non-canonical,
less well-understood and therefore more controversial components of ethylene signaling, such
as MAPKs, EIN5 and possible others that potentially function independent of EIN3 (re-
viewed by Stepanova and Alonso, 2009; Zhao and Guo, 2011), could play important roles in
specific conditions and cell types. In proliferating leaves, ethylene caused rapid inhibition
of CDKA activity that does not depend on the canonical EIN3-dependent transcriptional
pathway, but rather acts through post-transcriptional signaling components such as MAPKs
and EIN5 (Figure 1; Chapter 3). In a later phase, the induction of ERF5 and ERF6 also
seems to occur through a MAPK signaling pathway, independent of EIN3 (Chapter 5). EIN5
encodes an exoribonuclease that affects transcript levels of EBF1 and EBF2, which are nega-
tive regulators of ethylene signaling by promoting EIN3 degradation; however, EIN5 also has
EBF1/2-independent functions (Potuschak et al., 2006), and can affect growth independent
of the canonical EIN2 pathway (Dong et al., 2004). A MAPK module involving MPK3 and
MPK6 is thought to phosphorylate EIN3 and in this way promote ethylene responses (Yoo
et al., 2008), but MPK6 has also been shown to be able to directly phosphorylate and thereby
activate ERF6 (Wang et al., 2013). This suggests that in specific contexts, variations in the
ethylene signaling pathway are possible, thereby allowing a different output that is faster than
what is possible through transcriptional means.
For KLU, the context-specificity is conferred by its highly tissue-specific expression pattern,
similar to ARFs and ERFs, and our data shows that it is very important to keep KLU within
its own domain, as otherwise it negatively affects plant growth and development (Chapter
7). As discussed before, it remains unclear how this can be reconciled with the reported non-
cell autonomous nature of KLU action, which can function over rather large distances. The
signals that limit KLU to this narrow domain are currently unknown. We identified DELLAs
as inhibitors of KLU expression, similar to what was previously found in rice (Mimura et al.,
2012), and the association of GAs with growing tissues (Chapter 1) seems logical in this light.
However, high-resolution hormonal data from growing maize leaves shows that GAs cannot
explain the expression domain of ZmCYP78A1 in leaves grown under control conditions
(Hilde Nelissen and Dirk Inze´, unpublished data). Thus, the connection between GAs and
KLU may also be context-specific, which fits with our observation that under mild osmotic
stress levels, an increase in DELLA levels does not lead to significant changes in KLU levels.
The other developmental mechanisms to regulate KLU expression remain to be identified.
Perspectives for further research
While we have made great advances in understanding growth and stress physiology, our work
also provides a starting point for further research, and there remain a number of questions
that should be addressed. The most specific questions involve a number of links in the
ethylene-DELLA pathway that remain unsolved. This includes events upstream of ERF6
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activation, which most likely is caused through the activity of MAPK kinases (Chapter 5),
and the molecular link between DELLAs and the inhibition of DEL1 and UVI4 transcription,
which most likely occurs through interaction with a yet unknown TF (Chapter 4). These are
tricky questions to solve, as they mostly rely on non-transcriptional methods that are hard
to perform on small amounts of tissue. A very promising approach is to transfer this research
to maize, as this allows to study drought responses with even greater resolution, and directly
in monocots, which is more easily applicable to crop species. This allows to look at protein
complexes, such as those in which DELLAs are active during drought, and provides more
material to directly look at for instance ERF6 phosphorylation.
Another unsolved question is the regulation of meristemoids, specialized cells that are respon-
sible for the formation of stomata, but also form pavement cells. Meristemoids are activated
upon prolonged stress (Chapter 3), and have the potential to greatly affect leaf size. MAPK
pathways are known to influence meristemoid division and differentiation, through (among
others) MKK7 and MKK9, and the involvement of these MAPKs in abiotic stress signaling
makes it possible that they could also play a role in stress-induced meristemoid modulation
(Lampard et al., 2009). However, the low amount of cells involved, the limited knowledge
on meristemoid function (and associated with this, the lack of reliable markers), and the
often severe phenotypes of mutants that are affected in this process make it difficult to ac-
curately study the subtle modulation of meristemoid activity under mild stress conditions.
Unfortunately, given the fact that meristemoid development is likely dicot-specific, switching
to maize is not an option here. However, the important role of meristemoids in leaf growth
is increasingly being recognized and studied, as evidenced by a landmark paper by Pillitteri
et al. (2011) profiling the transcriptome profile of meristemoids, and new tools to study meris-
temoid function are becoming available, so it should be possible to solve this question in the
coming years.
Similar conclusions can be drawn about the KLU story: while we have provided, in my
view, compelling evidence that KLU affects auxins, there are still many unsolved questions.
First and foremost, the exact substrate of KLU remains elusive. Our data strongly sug-
gests a function for KLU in auxin catabolism. Feeding labeled IAA and NAA to 35S::KLU
plants, followed by the identification of labeled metabolites that accumulate in the plant, while
challenging and labor-intensive, could provide clues to identify the specific metabolite. The
enzymatic function could then be confirmed in yeast, although KLU has proven to be highly
resistant to characterization using this method. Additionally, maize could again be helpful to
provide an answer. We know that KLU is active throughout land plants, and homologs are
known in maize and rice. In maize context-specific metabolomics and interactomics could be
performed, by profiling only the zone in which KLU is expressed compared to a mutant or
an appropriate overexpression line. This will provide further detail into how this important
gene exactly controls plant growth, without diluting the information. A more difficult open
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question remains how to reconcile the different short-term and long-term signaling functions
of KLU that were reported, as KLU was shown to locally determine the cell division arrest
front in leaves, but its activity is also integrated across organs in flowers and inflorescences
(Eriksson et al., 2010; Kazama et al., 2010).
In order to understand how genes, hormones, development and environment interact to mod-
ulate growth, modeling will be indispensable, as both the number of components and the
interactions between them are becoming too complex to grasp intuitively. Moreover, our un-
derstanding of hormonal signaling pathways is evolving from simple, linear pathways to highly
complex networks involving extensive feedback loops (Vanneste and Friml, 2009; Zhao and
Guo, 2011; Middleton et al., 2012). Developmental and environmental signals are postulated
to be integrated by master regulators of growth that function as network hubs, with DELLAs,
auxin and PIFs having been proposed to fulfill the role of integrating hub (Achard et al., 2006;
Lucyshyn and Wigge, 2009; Jaillais and Chory, 2010). It has been recognized that the nature
of this hub may be context-specific (Jaillais and Chory, 2010). In our work, environmental
and developmental regulation of growth also seems to gravitate towards DELLAs and auxins
as effectors. This is a very appealing theory, and modeling is the only way to really prove
and understand it. These models should also take into account an additional layer of com-
plexity that we have not addressed: tissue layer-specificity in hormone signaling. In shoots,
layer-specific information is rather limited, but in roots it is clear that hormones show very
localized action, with gibberellins functioning in the endodermis (U´beda-Toma´s et al., 2008,
2009), while brassinosteroid signaling is mainly important in the epidermis (Hacham et al.,
2011). This poses an additional problem of growth coordination, for which auxin has been
proposed as a possible mobile integrator (Jaillais and Chory, 2010). The big data approach
that is increasingly being used in science provides the raw material to generate models of
biological systems, especially as the temporal and spatial resolution of this data increases,
i.e., if context-specificity is taken into account (Likic´ et al., 2010). As was highlighted in
Chapter 1, modeling has successfully been applied to gibberellin signaling (Band et al., 2012;
Middleton et al., 2012), showing that modeling based on existing experimental information
can generate novel knowledge and hypotheses.
Our work also highlights a number of topics in stress physiology that are still poorly under-
stood. It is for instance not clear how a decrease in the water potential due to drought or
osmotic stress is perceived by the plant. While we know more about osmosensing in yeast
and bacteria, the nature of the signal that is perceived remains mysterious; turgor (i.e., the
pressure of the plasma membrane against the cell wall), changes in membrane properties,
molecular crowding and protein hydration have been proposed (Reiser et al., 2003; Wood,
2011). Several membrane-located kinases were reported to be implicated in osmosensing in
plants (reviewed by Osakabe et al., 2013), but their relevance is still debated (Kumar et al.,
2013). As we found that shoot growth is already inhibited by lowering the water potential
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by only a fraction (0.012 MPa), through the addition of 5 mM mannitol to the medium,
this osmosensing mechanism must be very sensitive. This problem is further complicated
by the fact that the molecular and growth responses to osmotic stress and salt stress are
very different (Chapter 6), illustrated by the observation that the master regulators of the
response to mild osmotic stress, ERF5 and ERF6, do not play any role in the response to
salt stress. Both stresses share an osmotic component, so how a hypothetical osmotic stress
sensor distinguishes between the two, or alternatively, if perception of Na+ interferes with
either the receptor or with downstream signaling mechanisms and molecular signals, is un-
clear both conceptually and molecularly. In any case, the finding that Ca2+ concentration
patterns within the first minutes after stress onset respond differently to NaCl and sorbitol
at the same osmotic pressure suggests that this distinction occurs already very early in the
signaling pathway (Tracy et al., 2008).
Furthermore, the nature of the signals that travel from the root, where drought most likely
is perceived, to the shoot, where very rapid responses such as stomatal closure and growth
inhibition occur, is also still uncertain, as there is evidence for a role of ABA, ACC, xylem
pH and a hydraulic signal, among others (reviewed by Schachtman and Goodger, 2008). Our
hypothesis (see Figure 1) is that the perception of drought in the root very rapidly induces
local ACC synthesis, possibly through post-translational activation of ACC synthases, as
occurs in response to pathogen attack (Li et al., 2012). This ACC is then rapidly transported
through the xylem to developing leaves. However, ACC cannot be the only signal. Ethylene
signaling does not seem to play a role in the stress response in mature leaves (Skirycz et al.,
2010; Dubois et al., 2013), and ACC alone was not enough to fully mimic the response
to mannitol, as for instance the early onset of endoreduplication was not triggered by ACC
treatment. ACC and ethylene are also very general signaling components that are produced in
response to both internal and external cues, so how this signal could trigger a specific drought
response is unclear. The existence of a second signal could explain these observations. MPK3
and MPK6, which not only activate ACC synthases but also ERF6 (Li et al., 2012; Meng
et al., 2013; Wang et al., 2013), are stress-inducible (Rodriguez et al., 2010), and the other
stress signal could work through these MAPKs. However, the nature of this other signal
remains a mystery.
Another fundamental issue is our limited understanding of the molecular mechanisms behind
tissue-specificity. For instance, it remains fascinating that DELLAs are apparently so promis-
cuous that they can interact with a sufficient number of TFs and other proteins to explain
their wide array of responses, while retaining their specificity and avoiding possibly catas-
trophic mistakes. However, the range of published interactors (TFs of a very diverse range
of families, the SWI3C component of the SWI/SNF chromatin remodeling complex, and the
prefoldin complex; see Chapter 1) suggests that this is somehow possible. DELLAs have a
long inherently unstructured domain at their N-terminus that is involved in interaction with
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the GA receptor GID1, and it was suggested that this could mediate the diversity of signals
that converge onto DELLAs (Sun et al., 2010); however, the interaction with PIF4 is not
mediated by this domain, but by a conserved leucine heptad repeat (de Lucas et al., 2008),
which is typically highly structured. It is also conceivable that either DELLAs or their inter-
action partners should be post-translationally modified to ensure interaction at the right time
and place. This question about the molecular mechanisms behind tissue-specificity extends
to other hormones and environmental responses.
A final topic that is more distant from our research, but which in my opinion is of great
importance and relevance, is to investigate how growth and stress tolerance were affected
by breeding. The use of natural variation to study plant development has skyrocketed in
recent years, and for maize, modern inbred lines such as B73 that have been used extensively
to produce commercial hybrids are sometimes used for these studies. Using more optimized
cultivars, including hybrids, to study man-made variation, through collaborative projects
between breeding companies and academia, could teach us a lot about how whole systems
changed to drastically alter growth and stress sensitivity. This is not only important from an
academic viewpoint, but it also helps to avoid the risk of doing application-driven research
only to find out at the end that all relevant pathways have already been optimized through
several millennia of crop breeding. Drought tolerance, for instance, has already been enhanced
in maize due to selection for yield stability and for increased planting density (Duvick, 2005).
Similarly, it will be interesting to see how the alteration of GA responses that drove the Green
Revolution impacted growth-regulating networks. Current cultivars are already optimized to
a large extent in terms of growth, and a lot could be learned by looking at how these changed,
instead of focusing on unaltered lines that have not been improved yet. Knowledge on these
improvements could then be a starting point to engineer them even further.
Perspectives for biotechnological applications
During the last year, I attended a number of conferences about abiotic and drought stresses
that also included scientists from agronomical and physiological backgrounds, and the gap
between academic research and the needs of farmers became immediately evident. To quote
Jose´ Luis Araus, “There is an excess of people with expertise in biotech but without experience
in the field” (Eisenstein, 2013). A similar remark was made by Abraham Blum at a meeting in
Baeza, Spain in September 2013, who said that agronomy was deemed less ‘sexy’, and therefore
undervalued and underfunded, with the advent of molecular biology and biotechnology in the
1980s, but it is now becoming clear that both are necessary. While our work is also done in
a lab setting on a model species (and the mere mention of the term ‘mannitol’ is enough to
throw a plant physiologist into a fit), I hope we managed to escape to some extent the vacuum
that academic work is sometimes performed in by focusing on mild stress and growing tissues,
and now by increasingly switching to soil conditions and by transferring existing knowledge
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to and gaining new knowledge from maize. Nevertheless, I’m still well aware that it remains
a long way from lab-domesticated Arabidopsis grown in a sterile agar plate to commercial
modern hybrids grown in field conditions that can be highly unpredictable.
The use of biotechnology to engineer drought tolerance has evolved considerably over the
years. In the beginning, many genes known to enhance survival of Arabidopsis under extreme
drought were transferred to crops, but with little success, as none of these were in the end
commercialized. Nowadays, the approaches are much more refined, as it is becoming clear
that drought resistance is a very complex trait, and as we and others have argued, not even
one trait as such, as there is not just one type of drought (Tardieu, 2012; Claeys and Inze´,
2013). Our work focuses on mild drought, as many parts in the world experience this type of
drought. Most intensive agriculture is also dependent on extensive use of irrigation. This is
associated with problems such as soil salinity (due to evaporation of the water, while dissolved
salts remain in the soil), but is also increasingly expensive as fresh water is becoming more
and more scarce. Research from Monsanto shows that due to the high costs of irrigation,
mild drought already provides the highest returns for farmers when factoring in crop prices
versus input costs (Donald Nelson, Keystone Symposium on Plant Abiotic Stress, 2013). In
such systems with controlled, irrigation-based mild drought, our strategy of enhancing growth
under mild stress conditions could prove very beneficial. It is also important to note that
for maize, the most important cereal crop in the world in terms of production (FAOSTAT;
http://faostat.fao.org/), the potential yield of individual plants has hardly increased
in the past century of intensive breeding, and overall yield gains have come from enhanced
stress tolerance, allowing for much higher planting density and less yield losses due to abiotic
and biotic factors (Duvick, 2005). Accordingly, engineering for enhanced stress tolerance is
expected to contribute significantly to the further enhancement of yields. While we focus
on leaf growth, not only do biomass losses during the vegetative (pre-anthesis) stage have
significant effects on final grain yield (Eck, 1986; Moser et al., 2006), but research has shown
that in maize the extent of leaf growth inhibition due to drought correlates well with ear
growth inhibition (Olivier Turc, unpublished data), which is a major determinant of grain
yield. We thus believe that our approaches, while still preliminary and fundamental, have the
potential to contribute to agricultural gains.
It is important to note that interference with pathways that regulate growth under stress
conditions should happen as targeted as possible to keep the context-dependency in mind, for
instance by breaking down ACC and inducing GA production specifically in growing tissues
under mild drought through the use of specific promoters to avoid pleiotropic phenotypes
or negative effects under non-stress conditions. Our research identified a number of poten-
tial promoters in Arabidopsis, such as the ERF6 promoter, which is induced rapidly and
specifically in growing leaves by osmotic stress. We filed a patent for the expression of ACC
deaminase under specific promoters, which is a first step towards this type of applications.
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While I believe we have laid a basis, further research into the presence of similar signals in
crop species, model-based approaches into the architecture of stress-induced networks, and
the use of natural variation for stress-induced growth responses should provide much more
refined targets for crop improvement through both molecular breeding and biotechnological
approaches. This will aid in bringing about the long anticipated “Blue Revolution”, in which
water use efficiency in its broadest possible meaning should be central (Pennisi, 2008).
Besides limiting yield losses due to stress, there may still be room for improvement of the
potential yield of plants. We have focused on KLU, an important growth regulator (that
unfortunately, despite our best efforts, remains somewhat enigmatic today), as knowing the
exact molecular details of gene function can allow for more efficient engineering. However,
because KLU is such an important growth regulator throughout the plant kingdom, regulat-
ing leaf, flower, fruit and seed size, again it remains to be seen to what extent it has already
been selected for, as was shown in tomato (Chakrabarti et al., 2013) – there is a beautiful pun
in there somewhere on fruit size regulators being low-hanging fruit themselves. Nevertheless,
as demonstrated by the growth performance of lines expressing ZmKLU under a highly spe-
cific promoter (Xiaohuan Sun, Hilde Nelissen and Dirk Inze´, unpublished data), a transgenic
(or cisgenic) approach with tight control of KLU expression could allow boosting yields in
ways that are not possible through selection or breeding. Combinations with other genes to
maximize the potential for KLU to exert its function provide a different avenue for effective
engineering. This can be seen as a general theme: modulation of growth-regulatory networks,
as we argued for the networks around GAs and DELLAs (Chapter 1), provides great oppor-
tunities for crop improvement. However, for these approaches, fundamental knowledge on
the topology and functioning of these networks is needed to effectively engineer them and to
predict and prevent unwanted effects. Using molecular breeding, transgenics and synthetic
biology approaches, this knowledge can then be used for the targeted enhancement of crop
productivity.
Conclusion
In summary, our work uncovered fundamental knowledge on the interaction between develop-
mental and environmental regulation of growth, which has the potential to be applicable to
solve agricultural problems. By taking context-specificity into account (combining as much
factors as possible, such as tissue/cell type, developmental stage, genetic background and
environmental conditions), much more refined knowledge and applications will be possible.
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Summary
Drought is responsible for major crop yield losses worldwide. However, the molecular mecha-
nisms behind environmental stress-induced growth inhibition are only poorly understood. In
order to investigate the effects of water limitation on growing organs, we studied how young
developing Arabidopsis leaves that fully consist of proliferating cells respond to mild osmotic
stress. Detailed growth analysis showed the existence of distinct phases in the stress response.
Early after stress onset, the activity of CDKA, the main driver of the cell cycle, is inhibited
through post-transcriptional mechanisms, thereby reversibly pausing the cell cycle. If the
stress persists, cells irreversibly differentiate by prematurely activating endoreduplication.
We termed these two phases the ”pause-and-stop” response. Much later in leaf development,
stable stress causes activation of meristemoids, specialized cells that generate stomata, but
also form pavement cells. Under mild osmotic stress, the activity of meristemoids is modu-
lated to generate more pavement cells, leading to a partial recovery of the number of epidermal
cells, while maintaining a low number of stomata, and thus limiting water loss.
Transcriptome analysis and subsequent detailed studies revealed that proliferating leaves show
very specific responses to osmotic stress that differ from the classical ABA-regulated water
limitation responses, and are mainly mediated by ethylene and gibberellin (GA) signaling.
The irreversible cell cycle pause, through CDKA inhibition, is purely ethylene-mediated, and
can be mimicked by ACC treatment and is abolished in ethylene signaling mutants. Simul-
taneously, the combination of ethylene and a different, unknown signal generated by osmotic
stress leads to the activation of the ethylene response factor ERF6. ERF6 activates a stress
tolerance network containing many stress-related transcription factors, and independently
activates expression of the GA-inactivating enzyme GA2OX6. This leads to stabilization
of DELLAs, which are responsible for the mitotic exit of proliferating cells, and which is
abolished in GA signaling mutants. Expression analysis of DELLA targets revealed that the
earliest cell cycle-related genes that are repressed by DELLAs are DEL1 and UVI4, which
are repressors of the anaphase-promoting complex/cyclosome. This cyclin-degrading complex
stimulates the transition from the mitotic cell cycle to endoreduplication.
The pathway we uncovered shows mechanistic similarities to what is known on the responses
to salt stress and cold stress, which also inhibit growth by reducing GA levels through GA2OX
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induction by an AP2/ERF-type TF, but also point to strong context-specificity in the nature
of the genes that are induced. A detailed literature review showed that growing tissues show
highly specific, active growth responses, which could be modulated to generate crops that
grow better under mild drought conditions. However, to study this in detail, developmental
stage- and tissue-specificity should be taken into account, and mild stress conditions should be
used. Based on a limited literature survey, we conclude that most studies on abiotic stress use
very severe stress levels and accordingly record phenotypes that are only modulated by severe
stress such as inhibition of germination, survival or root growth. However, we show that
shoot growth provides a very sensitive measure to study the response to mild osmotic, salt
or oxidative stress, and that while these stresses are thought to be similar, they nonetheless
induce highly specific changes in growth and transcript levels.
As a follow-up, in order to further investigate the effects of GAs on proliferating Arabidop-
sis leaves, we performed microarray analysis within hours after DELLA induction, revealing
extensive transcriptome reprogramming by DELLAs. However, these transcriptome changes
are highly specific. A DELLA metatranscriptome analysis confirmed that there is very little
overlap between these transcriptomes, pointing to tissue-specificity and considerable environ-
mental sensitivity of the effects of GAs. This fits with our current view of GA signaling, which
relies on the interaction of DELLA proteins with a large number of other proteins, including
many TFs, depending on the context, and this leads to the large variety in DELLA responses.
One of the genes that respond the strongest and fastest to DELLA stabilisation in proliferat-
ing leaves is the CYP450 enzyme CYP78A5/KLUH (KLU). KLU is known to stimulate cell
proliferation during leaf, flower and seed development, and acts non-cell autonomously. It
is therefore thought to produce a yet unknown mobile cell proliferating-promoting signaling
molecule. We confirmed the growth-promoting role of KLU, and showed that plants overex-
pressing KLU show many signs of auxin deficiency. These signs include inhibition of lateral
root development, stem twisting, and hyperproliferation during early leaf development. Mea-
surement of IAA levels and microarray analysis confirmed that there is a reduction in IAA
levels and a highly significant overrepresentation of IAA-related genes among genes downreg-
ulated in 35S::KLU plants. Interestingly, these plants also exhibit selective partial resistance
to application of external auxins, with significantly reduced sensitivity to IAA and NAA, but
unaltered sensitivity to the synthetic auxins 2,4-D and picloram. In vitro assays suggest that
neither IAA nor NAA can be directly metabolized by KLU, and based on measurements of
common IAA catabolic products in 35S::KLU plants, we postulate that KLU affects IAA
levels through non-canonical inactivation that could be highly tissue-specific.
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Droogte is wereldwijd verantwoordelijk voor grote verliezen in landbouwopbrengst. Er is
echter nog maar weinig geweten over hoe omgevingsfactoren groei inhiberen. Om het effect
van droogte op groeiende organen na te gaan, bestudeerden we de respons op milde osmo-
tische stress tijdens vroege bladontwikkeling in Arabidopsis, op een moment wanneer het
volledige blad uit actief delende cellen bestaat. Gedetailleerde groeianalyse toonde aan dat
er discrete fasen zijn in de respons van proliferende cellen op osmotische stress. Gedurende
de eerste twaalf uur wordt de activiteit van CDKA, de motor van de celcyclus, ge¨ınhibeerd
door post-transcriptionele mechanismen, wat leidt tot een omkeerbare pause in de celcyclus.
Als de stress langer aanhoudt, zetten cellen een programma van onomkeerbare differentiatie
in door premature activatie van endoreduplicatie. Deze twee fasen hebben we de “pauze-
en-stop”-respons genoemd. Later in bladontwikkeling zorgt stabiele stress voor activatie van
meristemo¨ıden, gespecialiseerde cellen die zowel stomata als gewone epidermiscellen produc-
eren. Onder milde osmotische stresscondities wordt de activiteit van deze meristemo¨ıden
gemoduleerd om meer gewone epidermiscellen te produceren, wat tot een gedeeltelijk herstel
van de reductie in het aantal epidermiscellen leidt, terwijl het aantal stomata, en dus het
potentieel waterverlies, toch laag blijft.
Transcriptoomanalyse en daaropvolgende gedetailleerde studies toonden aan dat prolifer-
erende bladen zeer specifieke osmotische stressresponsen vertonen die verschillen van de
klassieke abscisinezuurgereguleerde droogteresponsen, en die voornamelijk gemedieerd wor-
den door ethyleen en gibberellines. De omkeerbare celcycluspauze, door inhibitie van CDKA,
wordt enkel door ethyleen teweeggebracht, en wordt dus ook waargenomen als respons op
behandeling met de ethyleenprecursor ACC, maar doet zich niet voor in ethyleensignal-
isatiemutanten. Tegelijk zorgt de combinatie van ethyleen en een nog onbekend signaal
gegenereerd door osmotische stress voor activatie van de ethyleenresponsfactor ERF6. ERF6
activeert dan een transcriptioneel stresstolerantienetwerk, en onafhankelijk daarvan induceert
ERF6 ook expressie van het GA-inactiverende enzyme GA2OX6. Dit leidt tot DELLA-
stabilisatie, en DELLAs zijn verantwoordelijk voor het vroegtijdig verlaten van de mitotische
fase ten voordele van endoreduplicatie, een respons die niet meer waargenomen wordt in GA-
signalisatiemutanten. Uit expressieanalyse van doelgenen van DELLAs bleek dat DEL1 en
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UVI4 de eerste celcyclusgerelateerde genen zijn die gerepresseerd worden door DELLAs. Dit
zijn repressoren van het anaphase promoting complex/cyclosome (APC/C), een cyclinede-
graderend complex dat de transitie van de mitotische celcyclus naar endoreduplicatie stim-
uleert.
De responspathway die we hier ontdekt hebben voor osmotische stress toont mechanistische
gelijkenissen met wat er gebeurt onder zoutstress en koudestress, die eveneens groei inhiberen
door reductie van GA-niveaus ten gevolge van de inductie van GA2OX genen door TFs van
het AP2/ERF-type, maar toont tegelijk aan dat er sterke contextspecificiteit is in de aard van
de genen die ge¨ınduceerd worden. Een gedetailleerd overzicht van de literatuur bracht aan
het licht dat groeiende weefsels zeer specifieke, actieve groeiresponsen vertonen, die poten-
tieel gemoduleerd zouden kunnen worden om gewassen te produceren die beter groeien onder
milde droogtecondities. Om dit in detail te bestuderen, moet de ontwikkelingsstadium- en
weefselspecificiteit in acht genomen worden, en is het cruciaal om zeer milde droogtecondities
te gebruiken. Uit een beperkte literatuurstudie bleek echter dat de meeste studies over abio-
tische stress zeer zware stressniveaus gebruiken, en daaraan gerelateerde fenotypes bekijken,
zoals inhibitie van kieming, overleving of wortelgroei. Hier tonen we aan dat rozetgroei een
zeer sensitieve graadmeter is om responsen op milde osmotische, oxidatieve of zoutstress te
bestuderen. Hoewel deze drie types van stress vaak over dezelfde kam geschoren worden om-
dat ze onderliggende componenten delen, induceren ze toch elk zeer specifieke veranderingen
in groei en transcriptoom.
In een vervolgstudie werd een microarrayanalyse uitgevoerd enkele uren na DELLA-inductie
om de effecten van gibberellines op Arabidopsisbladen in het proliferatiestadium te bestud-
eren, en hieruit werd duidelijk dat DELLAs drastische veranderingen in het transcriptoom
teweegbrengen. Desalniettemin zijn deze transcriptoomveranderingen zeer specifiek, en ver-
tonen ze slechts beperkte overlap met andere gepubliceerde DELLA-transcriptomen. Een
meta-analyse van DELLA-transcriptomen bevestigde dat er in het algemeen slechts weinig
overlap is, een gevolg van de verregaande weefselspecificiteit en gevoeligheid aan veranderin-
gen in omgevingsparameters. Dit past in de huidige visie op GA-signalisatie, waarbij de
context-afhankelijke en promiscue interactie van DELLA-eiwitten met een groot aantal andere
eiwitten, waaronder veel transcriptiefactoren, leidt tot een brede waaier aan gibberellinere-
sponsen. Een mooie illustratie van deze contextspecificiteit vinden we in het feit dat DELLAs
het potentieel hebben om een groot aantal groeiregulerende pathways te moduleren, maar dat
onder condities van osmotische stress slechts e´e´n pathway, DEL1/UVI4, gebruikt wordt.
Ee´n van de genen die het snelst en sterkst reageren op DELLA-stabilisatie in proliferende
blaadjes is het cytochroom P450 monooxygenase CYP78A5/KLU. KLU is gekend als een
stimulator van celproliferatie tijdens de ontwikkeling van bladen, bloemen en zaden, en vo-
ert deze rol niet-cell-autonoom uit. We konden deze groeistimulerende rol bevestigen, en
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tonen daarenboven aan dat planten die KLU overexpresseren vele tekenen van auxinetekort
vertonen, zoals inhibitie van zijwortelontwikkeling, gekronkelde stengels, en hyperproliferatie
tijdens vroege bladontwikkeling. Metingen van auxineniveaus en microarrayanalyse bevestig-
den een daling in auxineniveaus en een overrepresentatie van auxinegereguleerde genen onder
de genen die lagere expressie vertonen in 35S::KLU-lijnen. Deze planten zijn bovendien par-
tieel resistent aan behandeling met de auxines IAA en NAA, maar niet aan behandeling met
de synthetische auxines 2,4-D en picloram. In vitro-experimenten toonden aan dat IAA en
NAA hoogstwaarschijnlijk niet als dusdanig gemetaboliseerd worden door KLU, en gebaseerd
op metingen van auxinecatabolismeproducten in 35S::KLU-planten besluiten we dat KLU een
effect heeft op IAA-niveaus via mogelijk zeer weefselspecifieke niet-canonieke inactivatie.
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